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INTRODUCTION 
I.  Aims  and  Scope 

The  aim  of  this  study  is  to  investigate  the  inhibition  processes  that  occur 
during  the  induction  period  in  tetralin  autoxidations.  The  e^iperimental  s^proach 
to  this  problem  is  divided  into  three  main  sections. 

The  first  section  is  a  study  of  a  system  containing  tetralin  substrate,  the 
initiator  2,  2'-~azobisi8obutyronitrile  and  the  phenolic  inhibitors  dibutylcresol  and 
hydroquinone.  Quantitative  information  about  the  processes  occurring  during  the 
induction  period  was  used  to  determine  the  stoichiometry  of  the  inhibitors  em- 
ployed and  the  radical-producing  efflcieoc^  of  the  initiator. 

The  second  section  is  concerned  with  the  system  tetralto,  cobalt  (11)  naph- 
thenate,  tetralin  hydroperoxide  and  the  same  phenolic  inhibitors  used  in  the  first 
section.  This  system  was  studied  to  determine  the  ei^ect  of  the  branching  reac- 
tion on  the  inhibition  process. 

The  last  section  is  an  investigation  of  the  effects  of  various  additives  2, 
2~azobisisobutyronitrite  and  cobalt  (11)  m^jhthenate  systems.  These  systems 
were  studied  in  order  to  clarify  some  of  the  aspects  of  the  mechanism  of  brandx- 
tng  catalysts. 

The  experimental  procedure  used  was  to  vary  the  concentration  and 
temperature  parameters  and  measure  the  effect  produced  in  the  system.  The 
effects  were  measured  by  changes  in  the  induction  period  or  by  the  rate  of  oxy- 
gen absorption. 
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n.  Autoxidation 

Autaxidation  is  the  term  used  to  describe  reactions  between  organic 
compounds  and  molecular  OKygen  that  occur  at  relatively  low  temperatures 
and  in  the  absence  of  a  flame  or  ^ark.  The  scope  of  these  reacticms  is 
vast»  ranging  from  metabolism  to  deterioration  of  lubricating  oils. 

The  majority  of  autaxidation  reactions  proceed  by  a  free  radical 
chain  process  and  indeed*  the  paramagnetic  oxygen  molecule  can  itself  be 
considered  a  diradical.  BilckstrOm  (1)  in  1927  showed  that  the  photochemi- 
cal reaction  of  aldehydes  and  oxygeax  was  markedly  retarded  by  the  addition 
of  small  amounts  of  an  inhibitor  and  that  the  reaction  gave  quantum  yields 
of  10, 000  to  15, 000  which  he  attributed  to  a  radical  chain  process.  A  host 
of  workers  (2,  3,  4,  5,  6)  since  then  have  shown  that  autoxidations  are  in- 
hibited by  traces  of  antioxidants  and  catalyzed  by  metal  salts  such  as  those 
containing  cobalt,  manganese,  iron,  lead  and  copper. 

The  generally  sxsc&pted  mechanism  (5,  6,  7,  8)  for  free  radical 
liquid-phase  autosddations  is  as  follows.  The  initiatiaa  step  can  be  repre- 
sented as: 

RH   +   initiator   »  R«  (1) 

The  propagation  reactions  are: 

^  R«    +   Og   >  ROO'  (2) 

ROO*    +    RH   ^  ROOH    +    R»  (3) 


V  3 

Termlnatioa  In  the  abseaoe  of  added  inhibitor  can  be  aqy  of  the  three  possible 
combinations: 

2R00»   »     products  (4) 

.   •  -  ■       ■  r    , "  '     -  ■ 

2R'   >      products  (5) 

ROO*    +   R.   »      products  (6) 

In  the  presence  of  an  inhibitor,  the  termination  step  may  be  generalized  by: 

'  ROO*    +  A   >     product*  (7) 

In  the  above  equations  RH  is  the  substrate,  R*  is  the  substrate  radical*  ROO* 
is  the  peraxy  radical,  ROOH  is  the  hydroperoxide  and  A  is  the  inhibitor  (anti- 
oxidant). Each  of  these  steps  will  now  be  considered  in  more  detail. 

A.  Mtiatlon 

Initiation  of  autosddatiaa  may  be  effected  by  heat,  light,  radiation, 
transition  metal  ions  (9-12)  and  free  radical  sources  such  as  azo  compounds 
or  peroxides  (7,  13,  14). 

Verdin  (15)  recently  reported  his  investigation  on  the  autoxidation  of 
tetralin  induced  by  C3o^^  y  -radiation.  He  found  that  the  reaction  proceeded 
by  a  chain  mechanism  and  that  the  principal  termination  reaction  in  the  ab- 
sence of  inhibitor  is  by  interaction  of  two  peroT^r  radicals. 

Metal  ions  which  initiate  autoxidation  are  generally  those  having  two 
or  more  oxidation  states  with  a  suitable  oxidation-reduction  potential.  Ex- 
amples are  cobalt,  cag^,  manganese  and  ir(»i.  There  have  been  a  number 
of  theories  proposed  to  e:qplaln  the  role  of  metal  ions  in  autoxidation  reactions. 
Briefly,  the  two  main  theories  are: 
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1.  fhat  the  metal  reacts  with  hydroperoxide  in  the  system  to 
produce  radicals  \^ch  can  initiate  additicmal  chains; 

2.  that  the  metal  acts  as  an  axyg&a  carrier  wliich  then  reacts 
with  the  substrate  to  produce  radicals. 

These  and  other  theories  will  be  discussed  in  Part  IV  of  this  section. 

Ck>mpounds  that  have  a  covalent  bond  with  a  dissociation  energy 
of  20-40  kcal.  provide  a  coavenient  source  of  free  radicals.  For  practi- 
cal use  in  kinetic  studies,  the  radicals  would  be  produced  at  a  predictable 
rate  and  be  sufficiently  reactive.  Azo  compounds  generally  follow  these 
conditions  and  2, 2'-azobisisobutyronitrile  (AIBN)  has  been  used  by  a 
number  of  investigators  (7,  13,  14,  16)  as  a  c(mvenient  source  of  free 
radicals.  AIBN  decomposes  by  strictly  first-order  kinetics  at  a  known 
rate  (17)  which  is  essentially  independent  of  the  solvent  (16,  18).  It  does 
not  undergo  induced  decomposition  by  radicals  or  oxygen  (19,  20).  The 

decomposition  to  tvee  radicals  occurs  as  follows: 

CN             CN  CN 
CHg  -  C  -  N  =  N  -  C  -  CHg   ►   2  oc  CHg  -  C-       +  Ng  (8) 

CHg  CHg  CHg 

where  oc  is  the  efficiency  of  radical  production.  The  significance  of  oc 
will  be  eoqjlalned  la  the  Results  section.  Hammond  et      (20)  have  re- 
cently published  the  results  of  an  extensive  study  of  the  decomposition  of 
AIBN.  The  2-cyanopropyl  radical  resulting  firom  AIBN  decomposition  can 
couple  to  give  tetramethylsuccinonitrile  or  rearrange  and  couple  to  give 
the  unstable  (21)  dimethyl-N-(2-cyano-2^ropyl)-ketenimine  (RR').  The  * 


yields  are  dependent  on  solvent  and  conditions.  In  the  presence  of  an 
antioxidant,  the  formation  of  RR*  decreases  and  none  is  formed  in 
carbon  tetrachloride  in  the  presence  of  casygen  at  62. 5®. 

B.  Prwagation 

The  propagation  reactions: 

R.    +   Og  *^  >     ROO*  f») 

ROO-    +    RH  ^    >     R'    +ROOH  (10) 

produce  a  hjrdroperoxide  molecule  and  regenerate  a  substrate  radical.  In 
ttdB  sequence,  reaction  9  is  generally  much  faster  than  reaction  10.  For 
tetralin  at  25°  the  values  f or     and  1^  are  reported  (22)  to  be  67. 6  x  10^ 
and  18.3  sec.  ~^  respectively.  Repetition  of  the  propi^atlon  process  consti- 
tutes the  chain  reaction  that  causes  the  high  quantum  yields. 

The  rate  of  reaction  10,  the  rate  determining  step,  is  dependent 
<»i  a  number  of  factors  such  as  the  resonance  stability  of  the  radical  formed 
(R* )  and  the  electron  availability  at  the  C  -  H  bond  (23).  In  general,  elec- 
tron donating  groins  increase  the  rate  of  reaction  and  electron  withdrawing 
groups  decrease  the  rate.  This  has  been  interpreted  to  be  due  to  resonance 
la  the  transition  state.  The  following  mechanism: 

ROO'    +   R*H~>  [ROO:*  H*'R*]«-»[roO:H-R*]-»  ROOH    +   R*.  (11) 

I  S 

prq;>06ed  by  Russell  (23)  shows  that  structure  I  wUl  be  stabilized  by  elec- 
trai  donating  grcnpB  in  R*  and  structure  II  shows  flie  effect  of  stability  of 
the  incipient  radical  upon  the  reactivity  of  the  C  -  H  bond. 
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Some  hydroperoxides  such  as  those  of  tetralto,  cumene  and 
decalln  are  stable  (8,  4,  24)  and  can  be  isolated  in  good  yield.  Tetralin 
hydroperoxide  has  been  shovm  to  be  stable  at  70°  in  uncatalyzed  tetralin 
autoxidation  systems  (25).  It  was  first  isolated  by  Hartman  and  Seiberth 
(26)  who  proved  it  has  structure  m. 


OOH 


m 


The  isolation  procedure  used  was  fractional  distillation  at  low  tempera- 
tures and  pressures.  A  second  method  is  cold  acpieous  extraction 
followed  by  cold  neutralization  (27). 

The  decomposition  of  hydroperoxides  can  follow  any  of  four  main 
paths:  spontaneous  hemolytic  decomposition,  metal  ion  catalyzed  hemo- 
lytic deoomposition,  acid  catalyzed  heterolytic  dec(Hnposition  and  base 
catalyzed  heterolytic  decomposition  (3»  4,  6).  The  first  two  processes 
are  of  importance  in  this  work. 

The  uncatalyzed  hemolytic  decomposition  of  seccHidaiy  hydro- 
peroxides is  rather  complex  and  leads  to  a  variety  of  products.  Vaughan 
et^al^(28)  have  summarized  the  more  important  reactlcms  as  follows: 

•  OH  (13) 
+  R'  (14) 
RH  (15) 
ROH  (16) 


RgCHOOH  »  R2CH0-  + 


RgCHO 


RH  ,  R2CHOH 
R-  >  R2CO  + 
RO'      R^CO  + 


The  princil^al  decomposltiou  products  of  tetralin  hydrf^erosdde  (THP) 
are  1-tetralone,  water  and  some  1-tetralol.  Minor  products  r^orted 
Include  )( -O-bydroxyphraylbutyric  acid  and  the  corresponding  aldehyde, 
dlbydronaphthalene  and  oxygen  (11,  29,  30,  31). 

The  kinetics  of  hydroperoxide  decomposition  is  rather  complex 
as  would  be  expected.  Medvedev  (32)  derived  a  two-term  eQq)re8si<si 
for  the  autoxidation  of  tetralin: 


vrhere  A,  B  and  C  are  combinations  of  rate  constants.  During  the  initial 
stages  of  the  autooddation  when  tbe  THP  concentration  is  very  low,  the 
reaction  is  zero-order  in  THP.  After  the  reaction  has  proceeded  for  a 
while,  the  sec<md  term  becomes  important  and  the  hydroperoxide  d^en- 
deaey  becomes  first-order.  RobertscHi  and  Waters  (33)  studied  the 
decomposition  of  pure  THP  and  found  that  the  first-order  kinetics  rate 
law  was  followed.  This  Indicated  that  the  hemolytic  decon^)osition  re- 
sulted in  alkoxy  and  hydroxy  radicals.  However,  studies  of  the  solvent 
effects  indicated  that  the  radicals  formed  reacted  with  the  solv^it  to  ini- 
tiate chain  reactions  vMch  could  also  decompose  the  hydroperoxide.  At 
bSf^  THP  concentrations  the  following  chain  mechanism  assumed  import- 


-d  [RH]       a  [rh]2 


+  b[rhJ  [thp] 


dt  1^C[02] 


(17) 


ance: 


•OH  +  RgCHOOH— ^HgO  +  RgCOOH 
RgCOOH — >  KjC^O    +  'OH 


(18) 


(19) 


Ebqierimentally  it  was  found  that  THP  decomposition  followed  first-order 
kinetics  below  0. 12  grams  per  ml.  but  that  higher  concentrations  caused 
the  decomposition  to  become  more  rapid.  The  decompositirai  of  other 
hydroperoxides  have  also  been  shown  to  be  complex.  Bateman  (6)  found 
that  ole^  hydroperoxides  decompose  by  first-order  kinetics  at  concen- 
trations below  10'^  M  and  at  low  temperatures.  At  higher  concentrations 
the  hydroperoxide  dependency  becomes  second-order  vMch  he  attributed 
to  hydrogen  bonding  as  follows: 


2R00H 
Ist. 
order 


H 

ROO'-'HOOR 
2nd. 
order 


(20) 


R0«  +  HgO  +  ROO' 


2  (RO'  +  •  OH) 

Jn  summary,  the  decomposition  of  tetralln  hydroperoxide  is  com- 
plicated by  a  number  of  factors  including  concentration,  solvent,  tempera- 
ture and  induced  decomposition. 


C,  Termination 

The  termination  reaction  in  the  abs^ice  of  added  inhibitors  or 
catalysts  has  been  investigated  by  a  number  of  workers.  Russell  (34) 
has  proposed  that  for  primary  and  secondary  peroxides  the  termination 
st^  is:  . 


2  RgCHOO- 


HO 
R2CH 


R2CHOH  +  O2  +  R2CN) 


(21) 


• 

He  based  this  mechanism  on  Hie  results  of  the  following  studies  using 
deuterated  compounds: 

2  RgCHOO*  — ^L_»  R2C=0  +  R2CHOH  +  O2  (22) 

2  R2CD00*  — RgC^O  +  RgCDOD  +  O2  (23) 
The  reaction  rate  of  tbe  imdeuterated  compound  was  twice  that  of  the 
dwterated  one  (kj/k^j  =  2).  Woodward  and  Mesrobian  (12)  in  their  in-  ^ 
vestigation  of  tetralin  autooddations  proposed  the  following  mechanism 
to  accoimt  for  the  observed  products: 

2  RgCHOO*  — »  Og  +  2  [R2CH0»]  — »  RgC^O  +  RgCHOH  +  Og  (24) 
where  the  alkoocy  radical  is  short  lived  and  interacts  rapidly  to  yield  the 
products  shown. 

A  number  of  other  investigators  (4,  7,  9,  35)  have  agreed  that 
the  most  important  termination  process  involves  the  two  peroBcy  radi- 
cals since  the  rate  of  the  reaction  is  indepradent  of  (xxygen  pressure 
above  100  mm.  of  mercury  and  the  perooiy  radicals  are  present  in  the 
.  highest  concentration. 

Robertson  and  Waters  (36)  considered  the  main  termination  reac- 
tions in  branching  uninhibited  autoxidations  to  be: 

ROO'+'OH  ^ROH  +  Og  (25) 

R*   +  •  OH  >  ROH  (26) 

where  ROH  is  tetralol.  Under  special  conditions  such  as  low  oxygen 
pressure,  termination  steps  5  and  6  may  become  important  (37). 

In  summary,  the  autoxidation  of  tetralin  has  been  studied  by  a 
number  of  investigators.  The  basic  mechanism  of  the  reaction  has  been 
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fairly  well  established  and  a  number  of  theories  have  been  proposed  to 
account  for  the  observed  products,  it  is  apparent  that  the  results  obtained 
can  vary  considerably  d^ending  on  the  system  studied.  The  following 
sections  wUl  deal  with  the  inhibitors  and  catalyst  used  in  this  research. 


u 


in.  Induction  Period  and  Inhibiticm 

Free  radical  autoxidations  are  characterized  by  an  initial  period 
of  time  during  which  no  observable  oxygen,  uptake  occurs.  This  interval 
is  known  as  the  induction  period.  The  end  of  the  induction  period  is 
signaled  by  a  nqpid  axygen  uptake  wiiich  is  caused  by  the  propagation 
st^s  becoming  Important. 

Some  early  investigators  (38,  39,  40)  found  Uaat  inductl<»x  periods 
were  not  r^roduclble  but,  as  was  inferred  in  &e  previous  section,  the 
induction  period  is  very  sensitive  to  trace  impurities  such  as  peroxides, 
metal  ions  and  adventitious  inhibitors.  Careful  eaqierimental  procedures, 
puriflcation  and  storage  have  led  to  r^roduoible  induction  periods  which 
have  now  become  a  useful  method  for  studying  autooddation  reactions 
(7,  34,  35,  41). 

The  effect  of  an  inhibitor  on  the  inducticm  period  has  been  studied 
hy  a  number  of  workers.  Sacrificial  inhibitors  such  as  phenols  and 
aromatic  amines  apparently  prevent  the  prc^agation  st^  by  reacting 
with  the  chain  propagating  radicals  (42). 

Campbell  and  Cqppinger  (42)  studied  the  reaction  of  dibutylcresol 
(DBC)  and  t^-butyl  peroxide  in  tTbutanol.  They  isolated  product  (IV)  and 
proved  its  structure. 
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where  X  represents  the  t^bulyl  group.  To  account  for  this,  th^  postulated 
the  following  mechanism: 

ArOH  +  R  *  ArO*  +  RH  (28) 

ArO*  +  ROO*  — »  IV  (29) 
where  ArOH  is  DEC,  R*  is  the  substrate  radical  and  the  other  symbols  have 
their  usual  signiQcance.  In  tetralin  substrate,  under  one  atmofiphere  of 
oxygen,  the  first  st^  would  probabty  involve  ROO*  Instead  of  R»  as  was  ex- 
plained in  the  previous  section.  The  radical  ArO*  is  res<»iance  stabilized 
80  no  new  chains  are  formed,  but  it  is  an  antioxidant  and  reacts  wlfli  ROO*  in 
the  second  st^.  Russell  (5)  postulated  a  similar  sequence  of  reactions 
differing  in  that  ROO*  radicals  were  the  attacking  species  and  that  the  first 
st^  was  addition  to  the  ring  and  the  second  was  hydrogen  abstraction. 
Bickell  and  Kooiyman  (43)  have  also  isolated  compounds  similar  to  structure 
IV  and  ratted  that  terminati<m  involves  two  peroxy  radicals  since  the  con- 
centration of  R*  is  low  due  to  its  rapid  reaction  with  oxygen. 

Hammond  etal. (44-47)  in  a  series  of  papers  proposed  that  Hie  inhi- 
bition by  weak  antioxidants  such  as  aromatic  amines  and  phenols  does  not 
proceed  by  a  discrete  step  involving  hydrogen  abstraction.  Instead  the 
antioxidant  (A)  functions  by  forming  a  charge-transfer  complex  with  a 
perc»^  radical  which  can  then  react  with  a  second  peroxy  radical. 
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 *  [A  ^  R00-]  (30) 

ROO*  — *■  products  (31) 
Walling  (3)  si^ested  that  in  the  case  of  phenol,  this  complex  might  be 
represented  as: 

[  ROO" 

The  main  reason  for  Hammond's  pressed  mechanism  was  that 
no  kinetic  isotc^  effect  was  noted  in  the  reaction  where  N-D-d^enyla- 
mine  or  N-D-N-methylaniline  was  compared  to  the  undeuterated  amine. 
He  also  found  that  dlmethylaniltne  was  a  weak  inhibitor  and  that  N,  N*- 
tetramethyl-£«phenylenedlamine  was  a  strong  inhibitor  in  spite  of  the 
absence  of  labile  hydrogens.  The  latter  compound  was  found  to  form 
the  blue  Wttrster  cation  at  the  end  of  the  induction  period.  Good  correla- 
tion was  found  between  Hammett  sigma  values  and  antioxidant  efficienpy; 
the  efficiency  was  increased  by  electron  donating  groiq)s  \^ch  indicates 
that  electron  removal  is  important.  It  was  also  found  that  steric  hin- 
derance  had  no  effect  on  the  efflciency  of  the  antioxidant  which  would 
probably  not  be  the  case  if  initial  attack  was  <m  the  0-H  or  N-H  bond. 

Walling  and  Mayahl  (48)  and  Russell  (49)  have  shown  that  chlorine 
atoms  are  completed  in  aromatic  solvents  which  modifies  their  chemical 
reactivity.  Russell  further  found  that  t^butoxy  radicals  complexed  to  a 
lesser  extent.  Both  polarizability  and  electron  affinities  for  peroxy 
radicals  should  be  greater  than  for  alkoxy  radicals.  This  should  be  re- 
flected in  their  aptitude  for  complex  formation. 


ROO*  +  A 
[A^ROO']  + 


The  mechanism  of  hydroquinone  and  peroxy  radicals  is  not  com- 
pletely understood,  it  is  a  good  inhibitor  in  hydrocarbon  ^stems  even 
in  the  presence  of  metal  ions.  Bolland  and  ten  Have  (50)  isolated 
<pinone  in  the  products  of  hydroquinone  autooddation  and  proposed  that 
hydrogen  abstraction  is  an  important  step  in  the  inhibition  reaction. 
Kharasch  (51)  isolated  the  2, 5-disub8tituted  hydroquinone  from  reac- 
tions between  hydroquinone  and  free  radicals.  Apparently  the  radicals 
added  to  the  aromatic  ring  in  these  reactions.  Hammond's  mechanism 
of  complex  formation  is  not  incompatible  with  the  results  of  inhibition 
studies  involving  hydroquhume. 

la  summary,  the  mechanism  of  inhibition  in  the  presence  of 
antioxidants  has  not  yet  been  definitely  formulated.  The  differences 
may  well  be  due  to  more  than  aoe  type  of  mechanism  occurring,  de- 
prading  on  ihe  substrate,  antioxidant,  solvent  and  temperature. 


IV.  Cobalt  Ions  in  Autooddation  Systems 

The  role  of  cobalt  ions  in  autoxidation  systems  ai^ars  to  be 
two-fold.  The  metal  ion  can  react  with  the  substrate  to  produce  radi- 
cals and/or  It  can  catalyze  the  decomposition  of  hydr<^roxldes  (52). 

The  kinetics  of  the  decomposition  of  hydroperoxide  have  been 
found  (30,  31,  53)  to  vary,  depending  on  the  concentration  of  both  co- 
balt and  hydr(^eroxide.  A  number  of  compounds  sudi  as  acetic  acid, 
chloroform,  carbon  tetrachloride  and  water  were  found  to  retard  the 
decomposition  (53).  Emerson  et  ^  (54)  studied  the  chromium  catalyzed 
autcBcidatlo"  of  etbylbenzene  and  suggested  that  water  complexed  with 
the  chromium  to  reduce  its  activily. 

Bawn  (52)  and  others  (35,  53)  have  observed  that  oxygen  ab- 
sorption was  preceded  by  a  color  change  from  pink  to  green  indicating 
that  the  cobalt  changed  from  the  -^2  to  the  +3  oxidation  state.  The  de- 
composition of  hydroperoxides  by  cobalt  has  been  postulated  (12,  43,  52) 
to  proceed  by  the  following  mechanism: 

ROOH  +  Co*^  — >•  ROO*  +  Co^  +  H+  (83) 
ROOH  +  Co"^  — >  RO*    +  OH"  +  Co+3  (34) 
where  the  first  st^  would  be  rate  determining  according  to  the  above 
observatlOT  of  the  green  Co"*"'  i<ai.  Geoi^e  et  al  (29)  found  that  when 
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copper  stearate  was  added  to  tetralin,  much  more  Inhibitor  was  needed  to 

inhibit  the  reaction.  They  proposed  that  the  cobalt  catalysis  proceeds  by  a 

complex  formation:  ' 

ROOH  +  M   ^=±    [R00H«"'M]  — >  M  +  radicals  (85) 

Uri  (10)  studied  the  effect  of  cobalt  salts  on  methyl  stearate  and 

suggested  that  the  major  role  of  the  cobalt  ion  was  to  act  as  an  oxj^en 

carrier  which  could  then  initiate  chains: 

Co++  +  — >    CoOg-"^  (36) 

CoO„-^  +  BH  — ^      Co'^^R-  +  H0„-  (37) 
2  ^ 

HOj-  +  RH  — >       HOgH  +  R-  (38) 
In  benzalddiyde  systems,  Bawn  and  Jolley  (55)  proposed  that  cobalt 
initiated  free  radicals  by  the  following  sequence: 

Co+3  +  RCHO   >  C6^  +  RCO  +  H"^  (39) 

Blanchard  (13)  recently  studied  the  effects  of  cobalt  In  cumene 
^sterns  using  acetic  acid  as  a  solvent.  He  found  that  little  or  no  decomposi- 
tion of  hydroperoxide  occurred  at  cobalt  concentrations  below  4. 1  mM  but 
that  rapid  decompositlcm  occurred  above  this  concentration.  However,  the 
use  of  acetic  acid  as  a  solvent  might  have  complicated  the  results  (53). 
Initiation  in  the  absence  of  a  free  radical  source  was  said  to  be  due  to  the 
catalytic  decomposition  of  small  amounts  of  hydroperoxide  present  In  the 
system  or  from  reaction  of  cobalt  and  impurities.  ^ 

It  {^pears  that  the  role  of  metal  ions  in  autoxidation  systems  is 
dependent  on  the  ejqpertmental  conditions.  Whether  C(rf3alt  acts  only  to 

decompose  hydroperoxides  in  aralkyl  hydrocarbon  systems  or  initiates  chains 
by  reacting  with  axyg&i  has  not  been  adequately  answered. 


EXPERIMENTAL 
I,  General 

Kinetic  studies  herein  reported  were  made  by  two  methods. 
The  first  method  was  that  of  induction  period  analysis.  Initiator, 
inhibitor  and  substrate  were  placed  in  a  sealed  flask  filled  with  ox- 
ygen at  one  atmosphere  pressure  and  kept  tn  a  constant  temperature 
bath.  The  reaction  flask  was  connected  to  an  automatic  recorder 
that  plotted  pressure  versus  time.  The  induction  period  was  deter- 
mined from  this  data  by  means  of  graphical  intercepts. 

The  second  method  was  used  in  systems  \rfiere  no  appreciable 
Induction  period  occurred.  In  these  cases  the  amount  of  axygfin  taken 
up  by  the  system  over  a  specified  period  of  tiUue  was  measured  by  the 
recorder. 

Both  of  the  above  methods  were  used  to  examine  the  effects 
of  vari<»is  parameters  on  the  rates  of  the  processes  uiKler  study. 
The  parameters  that  were  examined  indwled:  concentration  of 
initiators,  concentration  of  inhibitors,  concentration  of  additives  and 
temperature. 
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n.  Purification  of  Tetralln 

Tetralin  (1,  2,  3,  4'-tetrabydroiu^hthalene)  was  chosen  as  the 
substrate  because  It  ooddlzes  at  a  reasonable  rate  at  the  tonperatures 
employed  in  this  study  (60  to  90<>)  and  its  hydroperoxide  Is  stable  at 
these  temperatures. 

Fisher  Scientific  Comp'any's  Purified  grade  tetralin  was  found 
to  have  a  re&ractive  Index  of  1. 5368  at  20°.  K  was  further  jmrlfied  by 
a  batch  process  similar  to  tiiat  used  by  Lloyd  (2). 

A  13  1.  round  bottom  flask  was  filled  with  10  1.  of  tetralin 
which  was  clear  and  colorless.  The  tetralin  was  washed  six  times 
with  500  ml.  portl<His  of  concentrated  reagent  grade  sulfuric  acid. 
Each  wash  was  stirred  vigorously  for  one  hour,  allowed  to  separate 
and  the  lower  layer  was  s^honed  off.  The  Initial  raffinates  were  dark 
brown  and  the  last  was  clear  and  pale  yellow. 

The  tetralin  was  then  washed  with  one  1.  of  distilled  water, 
(me  1.  of  1. 0  M  sodium  hydrc^en  carbonate,  aid  finally  with  four 
successive  oae  1.  portions  of  distilled  water.  The  pH  of  the  mixture 
was  7  after  the  second  washing  with  water.  At  this  time  the  tetralin 
was  cloudy  and  colorless  due  to  the  presence  of  water. 
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The  wet  tetralin  was  then  dried  hy  adding  anhydrous  reagent  grade 
sodium  sulfate  and  stirring  the  mixture  for  24  hours.  The  tetralin  was 
clear  and  colorless. 

The  tetralin  was  filtered  to  remove  the  sodium  sulfate  and  20  g.  of 
sodium  wire  were  placed  into  the  flask  containing  the  hydrocarbon.  Jt 
was  found  that  applying  a  vacuum  to  the  system  by  means  of  a  water  as- 
pirator markedly  increased  the  drying  rate  and  the  effectiveness  of  the 
operation.  The  flask  was  allowed  to  stand  for  24  hours  with  occasional 
swirling.  .  - 

The  tetralin  was  then  ffltered  and  passed  through  a  four  foot  by  one 
inch  column,  the  lower  half  of  wbida.  was  packed  with  fireshly  activated, 
28-200  mesh  silica  gel  and  the  upper  half  with  alumina.  The  flow  rate  was 
approximately  50  drops  per  minute.  The  pure  tetralin  was  collected  imder 
prepurlfled  nitrogen  which  had  passed  through  a  copper  furnace  at  350*^, 
concentrated  sulfuric  acid  and  drlerlte.  The  refractive  index  of  the  tetra- 
lin was  1. 5413  at  20°.  This  is  in  good  agreemmt  with  the  literature  value 
of  1.54135  at  20**  (56). 

This  tetralin  was  distilled  imder  nitrogen  through  a  100  cm.  heated 
column  packed  with  glass  helices  with  an  automatic  take-off  head  set  at  a 
reflex  ratio  of  10:1.  The  refractive  index  of  the  center  cut  was  1. 5413  at 
20°. 

Analysis  of  the  distilled  tetralin  by  gas  chromotography  showed  a 
small  unknown  peak  possibly  due  to  tetralin  hydroperoxide.  An  estimate  of 
the  concentration  of  this  Impurity  from  the  area  under  the  peak  showed  Its 
concentration  to  be  about  six  parts  ta  one  thousand. 


A  sample  of  the  tetralin  taken  prior  to  distiilatloa  showed  this  same 
peak  and  by  similar  means  Its  concentration  was  found  to  be  three  parts  in 
one  thousand. 

The  infrared  spectra  of  both  samples  were  found  to  conform  exact- 
ly to  that  of  an  A.  P.  I.  Research  Project  44  (56)  spectra  of  99. 86+0. 06 
mole  per  cent  tetralin.  The  samples  were  run  in  0. 025  mm.  cells  and 
Ihere  was  no  peak  at  2. 9  microns  which  indicated  that  no  £^preciable 
amounts  of  water  or  tetralin  hydroperoxide  was  presoat. 

From  these  results  it  was  concluded  that  distillation  was  not  neces- 
sary and  the  tetralin  was  used  after  it  passed  throi^  the  chromotographic 
column.  The  bulk  of  the  tetralin  was  stored  in  one-gallon  brown  bottles 
under  nitrogen  in  a  re:&rigexrator.  Care  was  taken  to  exclude  oxyg^  and 
Ught  from  the  purified  tetralin. 
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ILL  Other  Chemicals 

A,  Tetralln  hydroperoxide  (1.  2.  3,  4-tetrahydronaphthalene-l^ydro" 
peroxide) 

The  tetralln  hydroperoxide  (THP)  was  prepared  by  the  autoxlda- 
tioa  of  tetralln  using  AIBN  as  the  initiator.  Approximately  500  ml.  of 
pure  tetralln  was  added  to  a  two-necked  flask  fitted  with  a  reflex  con- 
denser and  a  fritted  glass  bubbling  tube.  This  was  placed  in  an  80°  water 
bath  and  0. 1  g.  of  AIBN  was  added  to  the  tetralln.  Oxygen  gas  was  bubbled 
through  the  hydrocarbon  for  24  hours. 

In  order  to  separate  the  THP  from  the  tetralln,  the  reaction 
solution  was  vacuum  distilled  at  0. 10  mm.  of  mercury.  The  tempera- 
ture was  k^t  below  80°.  This  removed  most  of  the  tetralln  and  left  a 
viscous  light  brown  residue.  The  residue  was  placed  in  a  liquid-liquid 
extractor  and  the  THP  was  extracted  with  pentane  for  12  hours. 

The  extiract  was  then  placed  In  a  re£rlgerator  and  in  a  few  hours, 
white  crystals  of  THP  were  formed  along  with  some  yellow  plates.  Six 
recrystalllzations  resulted  in  pure  white  crystals,  meltixig  at  55.0-56.0°. 
The  melting  point  of  the  pure  compound  is  56. 0°  (57).  The  yield  was  18.3 
g.  An  infrared  spectrum  was  taken  which  agreed  with  the  spectrum  re- 
ported in  the  literature  (58). 


An  iodine-tMosulfate  titration  was  made  on  two  samples  of  the 
THP  and  this  material  was  ioasd  to  contain  approximately  99  per  cent 
hydroperoodde.  The  ccnnpound  was  k^t  under  refrigerati(»i  in  a  i 
desiccator. 

B.  Cobalt  (11)  natdithenate  (cobalt  (11)  cycl6hexane~carbo3iylate) 

Cobalt  (11)  naphthenate  was  obtained  from  the  Noudex  Corpora- 
tion as  '*Noudex  Cobalt  6. "  Jt  contained  approximately  six  per  cent 
cc^alt  as  cobalt  (U)  naphthenate  in  mqphthenic  acid.  A  solution  of 
iQjproKlmately  5  x  10"^  M  cobalt In  i^ectroanalyzed  grade  benzene 
waA  pr^ared  and  pdairographlcaUy*  analyzed.  One  nxl.  of  this  solu-* 
tion  was  made  ^3pto  &  liter  In  a  solution  containing  0. 1  M  pyridine  and 
0. 1  M  pyridinium  chloride.  Gelatin  (0. 01  per  cent)  was  added  to  sup- 
press the  wave  maximum.  The  concentration  of  the  solution  was  found 
to  be  4. 75  X  10"^  M  cobalt.  There  were  no  transition  metal  impurities 
found  in  the  solution.  This  solution  was  then  diluted  witii  b^izene  to 
give  a  stock  solution  of  9. 50  x  10"^  m  cobalt. 

C.  2, 2*-Azobisisobutyronitrile 

This  compound,  commonly  called  AIBN,  was  obtained  from  East- 
man Organic  Chemicals,  \Milte  Label  grade.  It  was  a  white  crystalline 
solid  and  the  melting  point  was  102-103^.  The  reported  melting  point  of 
pure  AIBN  was  103-104^  (59).  This  compound  was  stored  in  a  desiccator 

*The  writer  is  indebted  to  Dr.  J.  M.  Pearce  for  the  polaro- 
graphic  analysis  of  the  cobalt  solution. 


under  refrigeration  and  was  used  without  further  puriiScation. 

D»  Dibutylcresol  (2.  6"di-tert-butyl-4-methylphenol) 

Dibulylcresol  (DBC)  was  obtained  from  Shell  Chemical  Corporation, 
C.  P.  Edible  grade,  under  the  trade  name  of  lonol.  The  compound  was  a 
white  granular  solid  with  a  melting  point  of  69-70**.  Blanchard  (13)  r^orted 
the  melting  point  of  the  pure  compound  to  be  70**.  The  DBC  was  stored  in 
the  dark  and  used  without  further  purification. 

E.  Hydroquincme 

J.  T.  Baker  Chemical  Company,  Purified,  Lot  7301,  hydroquinone 
(HQ)  was  a  white  crystalline  solid.  The  melting  point  of  the  compound  was 
170-171°.  The  reported  melting  point  of  the  pure  compound  was  170. 5° 
(60).  The  HQ  was  stored  in  the  dark  and  used  without  further  purificatl(xi. 

F.  Quinone  (p-benzoqulnone) 

This  compound  was  obtained  from  Eastman  Chemical  Products,  99.82 
per  cent  assay,  and  the  crystals  were  brown.  The  qpitnone  was  purified  by 
sublimation  and  gave  bright  yellow  crystals  with  a  melting  point  of  114. 6- 
115.0°.  The  reported  melting  point  was  115.7°  (60).  The  quinone  was 
stored  imder  refrigeration, 

G.  Quinhydrone  (benzoquinhydrone) 

The  dark  green  crystals  of  quinhydrone,  obtained  from  Eastman  Or- 
ganic Chemicals,  melted  at  170-171°.  The  literature  reported  a  melting 
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point  of  171^  <60).  The  compound  was  used  without  further  purification. 

H.  p-Methoayphenol 

This  white  crystalline  compound  was  recrystallized  once  from  water 
and  four  times  from  dry  benzene.  The  crystals  were  collected  by  vacuum 
filtration  and  dried  for  24  hours  at  5  mm.  of  mercury.  The  melting  point 
of  the  pure  crystals  was  52. 5-53. 0^.  The  reported  melting  point  was  53^ 
(60).  The  purii^ed  compound  was  stored  under  refrigeration. 

All  other  reagents  and  solvents  used  were  C.  P.  grade  or  higher. 
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IV.  Apparatus 

The  apparatus  used  in  this  investigation  consisted  of  a  reaction  flask 
connected  by  capillary  tubing  to  a  pressure  recorder.  The  flask  was  im- 
mersed in  a  constant  temperature  bath  and  the  reactants  were  stirred  by 
means  of  a  magnetic  stirrer. 

The  reaction  flask  was  constructed  from  a  2  1.  Erlenm^er  flask 
fitted  with  a  male  standard  taper  Joint.  The  top  ccNotained  a  glass  tube  with 
a  stopcock  which  was  used  to  fhish  the  system  with  oxygen.  A  side  arm  with 
a  ball  joint  was  used  to  connect  the  flask  to  the  pressure  recorder.  The  total 
volume  of  this  ^stem  was  2, 065  ml. 

The  pressure  changes  in  the  flask  were  measured  hy  a  Foxboro  abso- 
lute pressure  recorder  (Faxboix)  Company,  model  40).  The  recorder  con- 
sisted of  a  stainless  steel  bellows  coimected  to  a  pen  which  recorded  pressure 
as  a  function  of  time  on  a  circular  chart.  The  instrument  recorded  pressure 
changes  between  360  and  760  mm.  of  mercury.  The  pressure  could  be  read 
to  the  nearest  millimeter  and  the  time  to  the  nearest  minute  with  reasonable 
accuracy. 

The  water  bath  was  heated  by  a  1, 000-watt  heating  element  and  the  tern 
perature  was  controlled  by  a  preset  thermor^ulator  (H-B  Instrument  Com- 
pany, model  LER-1281-A1).  An  electronic  relay  (Lumenite  Electronic 
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Corporation,  model  7910-A)  connected  the  heating  element  and  the  thermo- 
r^ulator.  This  system  kept  the  temperature  of  the  bath  constant  within  ±0. 1^. 
The  entire  bath  was  insulated  aod  a  cover  was  put  over  the  top  to  keep  out 
light.  The  bath  temperatures  were  diecked  with  a  thermometer  (number 
61090)  standardized  by  the  National  Bureau  of  Standards.  The  nominal  and 
true  temperatures  are  given  in  Table  1. 

The  reaction  solution  was  stirred  at  a  constant  rate  by  means  of  a 
Bodine  constant-speed  300  r.p.m.  motor.  The  motor  was  fltted  with  an  alnico 
magnet  which  drove  a  standard  teflon  clad  magnet  in  the  reaction  flask. 


TABLE  1 

TEMPERATURE  CALIBRATION  OF  BATH 


Noroinal  Temperature*  True  Mean  Temperature 

60'^ 

80^ 


60.23° 
70.2gO 

80.3  ® 


*For  conveoience,  nominal  temperatures  are  used  throu^out  the 
text.  The  true  mean  tempeiratures  are  used  in  all  calculations. 


V.  Sample  Preparation 

la  general,  samples  were  prepared  by  putting  the  additives  and  100  ml. 
of  tetralin  into  the  flask  and  flushtDg  the  system  with  oxygea  (3.3  1.  per  minute) 
for  five  minutes.  The  flask  was  then  immersed  in  the  constant  temperature 
bath  and  the  magnetic  stirrer  and  recorder  were  turned  on.  The  stopcock  was 
1^  open  for  the  first  90  seconds  to  allow  the  system  to  reach  Hiermal  equi- 
librium. 

The  solid  additives  were  weighed  out  on  glasslne  psper  using  a  Mettler 
balance  (sensitivity  tO.  02  mg. )  and  the  method  of  differences.  The  additives 
were  put  into  the  flask  and  100  ml.  of  tetralin  were  added  by  means  of  a  pi- 
pette. Initiators  were  always  put  into  the  flask  last. 

Ck>balt  (11)  naphthenate  solution  was  delivered  with  a  0. 25  ml.  syringe. 

-3 

The  concentration  of  the  cobalt  solution  was  9. 50  x  10    Mf  ^* 

this  solution  in  100  ml.  of  tetralin  gave  a  resultant  concentratian  of  2.38  x  lo' 

M  cobalt. 

The  ground  glass  joints  were  then  lubricated  with  D-C  Silicone  High- 
Vacuum  Grease,  and  the  flask  was  flushed  with  oogrgen.  During  the  oiQrgen 
flush,  the  reactants  were  stirred  to  effect  solution  of  the  additives  in  the 
tetralin. 

To  avoid  contamination  from  preceding  runs,  all  equipment  was  thor- 
oughly cleaned  prior  to  use.  The  flask  was  rinsed  three  times  with  acetone. 


once  with  water,  once  with  detergent  solution,  Ave  times  with  tap  water,  three 
times  with  distilled  water  and  four  times  wiHi  acetcme.  The  contents  were 
shaken  vigorously  duriog  each  rinse.  Pipettes  were  cleaned  with  four  charges 
of  acetone.  The  oyrlnge  used  for  the  cobalt  addition  was  rinsed  four  times 
with  benzene  and  twice  with  acetfme.  Neither  chromic  acid  cleaning  solu- 
tion nor  sulfuric  acid  was  used  to  clean  any  equipment. 

-    .  <•  ;  ■  " 


J 
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VI.  Interpretation  of  a  Tj^ical  Autooddation  Run 

The  following  run  will  illustrate  the  treatment  of  the  raw  e:q;>erimen- 
tal  data.  In  this  run,  97.90  mg.  of  AIBN,  21.40  mg.  of  DBC  and  100  ml.  of 
tetralin  were  put  into  the  reaction  flaslc.  The  resultant  concentration  of  AIBN 
was  5.96  X  10"®_M  and  that  of  DBC  was  0.971  x  lO"^     .  The  sample  was 
autoxidized  at  60^  under  an  oxygen  atmosphere. 

The  pressure-time  data  are  given  in  Table  2  and  plotted  in  Figure  1. 
The  length  of  the  induction  period  (t^)  is  obtained  from  Figure  1  by  drawing 
straight  lines  before  and  after  the  pressure  drop.  The  intercut  of  these  two 
lines  is  taken  as  the  time  at  which  the  induction  period  is  over.  From  the 
graph,  the  tj  for  this  run  is  12. 50  hours. 

A  second  method  may  be  used  to  determine  the  intercept  of  these  two 
lines  (2).  The  end  of  the  induction  period  is  the  time  at  which  the  third  deriv- 
ative of  pressure  with  respect  to  time  falls  from  a  positive  value  to  zero. 
Variations  by  these  two  methods  are  generally  small  and  induction  periods 
reported  herein  are  obtained  by  the  method  of  graphical  Intercepts. 
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TABLE  2 

DATA  FOR  A  TYPICAL  AUTOXIDATION  RUN 
(100  ml.  tetralin,  6.14  xnM  AIBN,  1.00  mM  DEC,  60<>,  1  atm.  On) 


Time,  hrs.  Pressure,  mm. 


1:00 

376 

2:00 

876 

3:00 

876 

4:00  •! 

876 

5:00 

876 

6:00 

876 

7:00 

876 

8:00 

'#1 

9:00 

•li 

10:00 

m 

11:00 

m 

12:00 

S7S 

13:00 

866 

14:00 

8«r 

15:00 

ste 

16:00 

868 

end  of  run 
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RESULTS 

The  e3q>erlmental  results  obtained  In  this  kinetic  study  will  be  pre- 
sented in  three  sections.  The  first  section  summarizes  studies  using  a  non- 
branching  initiator,  2, 2'-azobisisobutyronltrile  (AIBN),  and  two  phenolic 
inhibitors,  hydroquinone  (HQ)  and  dibulylcresol  (DBC).  The  second  section 
contains  the  results  of  studies  on  a  eysiem.  with  a  branching  catalyst,  cobalt 
(II)  nj5)hthenate,  tetralin  hydroperoxide,  HQ  and  DBC.  The  third  section 
reports  the  results  in  systems  containing  other  additives  with  either  cobalt 
catalyst  or  AIBN  initiator. 
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I.  The  Syetem  2, 2*-Azoblsisobu^rronltrile  and  Milbitor  in  Tetralin 

The  results  in  this  section  show  the  concentration  effects  of  inhibitor 
and  ABBN  initiator  on  the  length  of  the  induction  period.  Two  Inhibitors  were 
investigated;  HQ  vMcOx  is  a  non-hindered  phenol  and  DBC,  a  sterically  hin- 
dered phenol.  Sets  of  runs  were  made  with  each  inhibitor  at  60**,  70°  and 

The  main  reasons  for  making  these  runs  are: 

1.  to  determine  the  efficiency  (o<)  of  AIBN  initiator; 

2.  to  calculate  the  stoichiometry  of  HQ; 

3.  to  elucidate  one  phase  of  the  mechanism  of  inhibition,  i.  e. ,  the 
fact  that  the  inhibitors  operate  i>y  scavenging  radicals. 

The  first  two  factors  will  be  discussed  in  this  section  and  the  last  de- 
ferred to  the  Discussion  section. 

The  AIBN  initiator  is  known  to  decompose  spontaneously  by  flrst-order 
kinetics  at  the  temperatures  investfeated  in  this  study.  Since  the  rate  con- 
stant for  the  decomposition  is  known,  the  number  of  radicals  produced  during 
the  inductl(m  period  may  be  calculated.  The  inhibitor  stoichiometry  can  be 
found  by  comparing  the  moles  of  radicals  produced  and  the  moles  of  inhibitor 
consumed. 

The  number  of  radicals  produced  by  the  initiator  during  the  inducticm 
period  can  be  found  from  the  rate  law  for  AIBN  decomposition. 


-<i[AIBNl  r  T 

  =   kifAEBN]  (40) 

dt 

where     is  the  specijac  rate  constant  for  the  decomposition  of  AIBN. 

From  this  relation,  equation  41  has  been  derived  which  gives  the  num- 
ber of  radicals  (  Z  R)  produced  during  the  induction  period. 

=   2  [AIBN]o  [l  -  e"^i*i]  (41) 

where  [aiBN]^  is  the  initial  concentration  of  initiator  and  tj  equals  the  length 
of  induction  period  in  seconds. 

The  values  for  kj  used  in  this  work  are  calculated  from  Ihe  data  of 
Van  Hook  and  Tobolsky  (17)  and  are: 

"1 

kjat60.2g     =   9.73x10  sec. 

kiat70.2g*^   =   5.89x10"^  sec. 

kjatSO.Sg**    =   1.41x10"^  sec. 
In  order  to  determine  the  apparent  stoichiometry,  the  £:  R  versus  the 
inhibitor  concentration  has  been  plotted  for  those  series  where  the  AIBN  con- 
centration is  constant.  The  least  squares  slope  and  standard  deviation  of 
these  plots  have  been  calculated  by  the  method  of  Youden  (61).  The  slope  of 
the  line  gives  the  j^parent  stoichiometry  of  the  Inhibitor.   For  those  series 
where  the  AIBN  concentration  was  varied,  the  ^araat  stoichiometxy  has 
been  calculated  by  dividing  the  ^  R  by  the  concentration  of  inhibitor  for  each 
run. 


A.  Hydroquinone  in  2. 2'-azoblsisobutyronitrlle  gysteme 

Effect  of  hydroquinone  concentration  at  60°.  The  effect  of  hydro- 
quinone concentration  on  induction  period  at  60*^  was  investigated  by  a  series  . 
of  four  runs  at  a  constant  AIBN  concentration  of  5, 96  mM .  The  HQ  concen- 
tration was  varied  from  0 . 486  to  1 . 94  mM .  The  results  of  this  series  are 
shown  in  Table  3.  The  number  of  radicals  ( I R)  produced  during  the  in- 
duction period  is  plotted  versus  HQ  concentration  in  Figure  2.  The  data 
describe  a  good  straight  line  with  a  slope  of  2. 24  radicals  per  molecule  of 
HQ  with  a  standard  deviation  of  tO.  05. 

IpBtoct  of  hydroquinone  concentration  at  70°.  A  series  of  seven  Idnet- 
ic  runs  was  made  at  70°  at  a  ccmstant  AIBN  coocentration  of  4. 22  mM  and  with 
HQ  concentrations  ranging  from  0.971  to  3. 88  mM.  The  results  appear  In 
Table  4  and  are  plotted  in  Hgure  3.  The  slope  of  the  line  is  1. 89  radicals 
per  molecule  of  HQ  with  a  standard  deviation  of  ±0. 14. 

Effect  of  hydroquinone  concentration  at  80°.  A  third  series  of  runs  was 
made  at  80°  with  a  ccmstant  AIBN  concentration  of  5. 96  mM.  The  HQ  concen- 
tration was  increased  from  1. 94  to  4. 86  mM.  The  results  are  given  in  Table 
5  and  plotted  in  figure  4.  The  points  lie  in  a  line  with  a  slope  of  2. 18  radi- 
cals per  molecule  of  HQ  and  have  a  standard  deviation  of  only  ±0. 02. 

The  linearily  of  the  plots  indicates  that  the  destruction  of  HQ  is  deter- 
mined by  the  rate  of  radical  formation  from  AIBN.  The  radical  that  reacts 
with  the  Inhibitor  is  presumably  the  tetralylperoKy  radical  formed  by  the  fol- 
lowing sequence: 
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TABLE  3 

EFFECT  OF  HYDROQUINONE  ON  INDUCTION  PERIOD  AT  60° 
(100  ml.  tetralln,  5. 96  mM  AIBN,  1  atm.  0^) 


[hq]o  H  2:r 

X 10^  hours  X 10^ 

0.486  2.60  1.04 

0.971  5.35  2.04 

1.46  8.60  3.09 

1.94  12.80  4.32 
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Figure  2.    Plot  of  £  R  versus  [hq]^  at  60°  (100  ml,  tetralin, 
5.96  mM  AIBN,  1  atm.  O2) 


TABLE  4 

EFFECT  OF  HYDROQUINONE  ON  INDUCTION  PERIOD  AT  70® 
(100  ml.  tetralin,  4. 22  mM  AIBN,  1  atm.  Og) 


[HQ]^ 

X 10^  hours  X 10^ 

0.971  1.80  1.88 

1.94  4.38  3.87 

1.94  4.33  3.84 

2.33  6.40  5.00 

2.33  6.70  5.14 

2.91  8.30  5.81 

3.88  14.63  7.36 


iO 
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TABLE  5 

EFFECT  OF  HYDROQUINONE  ON  INDUCTION  PERIOD  AT  80° 
(100  ml.  tetralin,  5.96  mM  AIBN,  1  atm.  O2) 


[hQ]o 

IR 

xlO^ 

hours 

X  103 

1.94 

1.13 

5.21 

2.91 

1.87 

7.37 

S.88 

3.13 

9.49 

4.86 

6.90 

11.56 
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Figure  4.    Plot  of  IR  versus  [hq]q  at  80*^  (100  ml.  tetralin, 
5.95  mM  AIBN,  1  atm.  0„) 


'      AIBN   >  R.  (42) 

R-  +  TH   >  T-  +  RH  (43) 

T*  +  O2   >     TOO*  (44) 

vrhere  R-  is  the  radical  from  AIBN  decomposition,  TH  is  the  tetralln  sub- 
strate, T'  is  the  tetralyl  radical  and  TOO*  is  the  tetralylperoxy  radical. 

The  figures  obtained  for  the  apparent  stoichiometry  show  good  agree- 
ment and  give  an  average  value  of  2. 1  radicals  8tasq;>ed  per  molecule  of  HQ. 

B.  Dibutylcresol  In  2. 2*-azobislsobutvronitrile  systems  i  ,  ;  ;.  * 

Effect  of  dibutylcresol  concentration  at  60°.  A  series  of  four  kinetic 
runs  was  made  at  60®  to  study  the  effect  of  DBC  concentration  on  the  induction 
period.  The  DBC  concentration  ranged  fr<»n  0.486  to  1.46  mM  and  the  AIBN 
concentration  was  kept  constant  at  5. 96  mM.  The  results  of  this  series  are 
presented  in  Table  6  and  plotted  in  Figure  5.  The  points  describe  a  line  with 
a  slope  of  4. 10  radicals  per  molecule  of  DBC  and  have  a  standard  deviation 
of  ±0.17.  '  - 

Effect  of  dibutylcresol  at  70°.  A  second  series  of  five  runs  was  made 
at  70°.  In  this  series,  both  AIBN  and  DBC  conceatratiand  were  varied.  The 
data  is  summarized  in  Table  7  and  the  average  apparent  stolchiometxy  is 
S.  69  radicals  per  molecule  of  DBC.       -  »  ,v  :    ^  , 

Effect  of  dibutylcresol  at  80°.  A  series  of  four  runs  was  made  at  80° 
and  again  both  AIBN  and  DBC  concentrations  were  varied.  The  results  of 
these  runs  are  ta  Table  8  and  the  average  {parent  stoichiometry  is  3. 55  rad- 
icals per  molecule  of  DBC. 
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TABLE  6 

EFFECT  OF  DIBUTYLCRESOL  ON  INDUCTION  PERIOD  AT  60<> 
(100  ml.  tetralin,  5. 96  mM  AIBN,  1  atm.  On) 


IR 

Xl03 

hours 

xl03 

0.486 

5.45 

2.07 

0.728 

8,45 

3.05 

0.971 

12. 50 

4.23 

1.46 

20.20 

6.04 

45 


 1  ^  I  I  I  I 

0,5  0.7  0.9  1.1  1.3 

[db4,  X  10^ 

Figure  5.   Plot  of  LR  versus  [dBc]q  at  60°  (100  ml.  tetralin, 
5.96  mM  AIBN,  1  atm.  O2) 
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TABLE  7 

EFFECT  OF  DIBUTYLCRESOL  ON  INDUCTION  PEBIOD  AT  70<* 
(100  ml.  tetralln,  1  atm.  Og) 


[aibn]^ 

[DBC]o 

h 

zm 

Apparent 

xlO^ 

hours 

xlO^ 

Stoichio. 

1.80 

0.927 

17.2  . 

3.28 

3.54 

2.43 

0.971 

9.26 

3.53 

3.64 

3.05 

0.927 

6.05 

3.50 

8.78 

3.39 

0.934 

5.18 

3.50 

3.75 

3.88 

0.927 

4.20 

3.45 

3.72 

Average  3.69 
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TABLE  8 

EFFECT  OF  DEBUTYLCRESOL  ON  INDUCTION  PERIOD  AT  80® 
(100  ml.  tetralin,  1  atm.  O2) 


[AIBN]^  [dBC]q  ^  ZB,  Apparent 

xlO^  xlO^  hours  x  10^  Stoichio. 


3.40 

0.971 

1.48 

3.51 

3.61 

3.40 

1.94 

8.30 

6.70 

3.45 

5.96 

1.94 

1.73 

6.97 

3.59 

5.96 

2.91 

8.92 

10.30 

3.54 

Average 

3.55 
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Runs  with  short  induction  periods.  In  an  effort  to  fixrther  investigate 
the  DBC  system,  a  series  of  runs  having  Bbort  Induction  periods  was  made. 
For  these  runs,  destruction  of  inhibitor  by  sources  other  than  those  from 
AIBN  should  be  minimized.  The  results  of  this  series  are  presented  in 
Table  9  and  show  good  agreement  with  the  previous  results  obtained  in  DBC 
systems.  The  average  values  for  the  apparent  stoichiometry  from  the  two 
sets  of  data  at  60®,  70<*  and  80°  are  4.0,  3.7  and  3.6  radicals  per  molecule 
of  DBC.  These  values  will  be  used  in  calculations  of  Initiator  efficiencies. 

The  HQ  and  DBC  studies  have  shown  that  the  inhibitor  is  used  up 
radicals  produced  by  the  decomposition  of  AIBN.  However,  product  Isola- 
tion studies  indicate  tiiat  the  stoichiometry  of  DBC  is  2. 0.  This  point  wUl 
be  discussed  la  the  next  section. 

C.  Inhibitor  stoichiometry  and  radical  efSiciencies 

In  the  method  developed  in  the  previous  section  for  determining  the 
apparent  stoichiometry,  an  implicit  assumption  was  made  that  each  mole- 
cule of  AIBN  produced  two  radicals.  A  number  of  workers  (14,  62-65)  have 
found  that  the  radical  producing  efficiency  is  less  than  100  per  cent  and  de- 
pendent on  the  system  studied. 

The  reason  suggested  for  this  low  efficiency  is  that  when  the  radicals 
are  produced  they  are  surrounded  by  a  solvent  "cage"  and  are  close  proxi- 
mity for  a  finite  time.  Hence  the  radicals  can  either  reoombine  or  diffuse 
£^art.  The  initiator  efficiency  ( oC)  Is  the  fraction  of  radicals  that  diffuse 
apart.  This  process  can  be  represented  as  follows: 
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TABLES  . 

APPARENT  STOICHIOMETRY  FROM  RUNS  WITH  SHORT  INDUCTION 

PERIODS 

(100  ml.  tetralin,  1  atm.  O2) 


Temp,  [AIBN]^^        ^   [dbc]^  t|  ^parent 

xlO^  xlO^  hours  Stoichlo. 

•0  15.50  0.388  1.45  3.92 

ti  19.40  0.486  1.37  3.74 

W  6.80  0.486  1.00  3.66 

ft  7.77  0.971  2.00  3.92 

f9  18.60  0.971  1.08  8.78 

M  8.40  0.971  1.43  3.61 

m  5.96  1.94  1.73  3.51 
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ABBN  >(2R«)  +  N2  (45) 

(2R-)   >  2R«  (46) 

•     (2R«)  >  R-R  (47) 

v^ere  the  parentheses  are  used  to  designate  radicals  still  in  the  solvent  "cage 
Utilizing  this  notion  of  initiator  efficiency  in  radical  production,  the  ac 
tual  stoichiometry  may  be  found  by  multiplying  Ihe  apparent  stoichlometry  by 
the  initiator  efficiency  or: 

S«(A)  (o()  (48) 
^ere  S  is  the  actual  stoichiometry,  A  is  the  apparent  stoichiometry  and  cx 
is  the  initiator  efficiency. 

hi  order  to  calculate  the  actual  stoichiometry  of  HQ  we  must  know  the 
value  of  oC.  Hammond  and  co-^rkers  (7)  and  Campbell  and  Coppinger  (65) 
have  reported  that  the  stoichlometxy  of  DBC  is  2.0  radicals  per  molecule. 
Using  this  value  and  the  apparent  stoichiometries  obtained  in  this  stucfy  we 
can  calculate  the  oc  values  for  AIBN  in  tetralin  substrate.  The  initiator  effi- 
ciencies of  AIBN  are  0. 50,  0. 54  and  0. 56  at  60®,  70^  an«3  80<*  respectively. 
Hammond,  Sen  and  Boozer  (14)  have  reported  cx  values  for  AIBN  in  chloro* 
benzene,  benzene  and  nitrobenzene  lhat  range  from  0.57  to  0.75.     , ,.  . 

The  stoichiometry  of  HQ  can  now  be  calculated  by  using  the  above 
derived  oc  values  and  equation  43.  The  calculated  stoichiometries  of  HQ 
at  60^,  70^  and  80^  are  1.1,  1.0  and  1.2  or  an  average  of  1.1  radicals  per 
molecule  of  HQ. 
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n.  The  System  Cobalt  (II)  Naphthenate,  Tetraliu  Hydroperoxide  and 

Inhibitors  In  Tetralin 

The  effects  of  hydroqulnone,  dlbutylcresol  and  tetraliu  bydtop&jxodde 
concentrations  on  the  length  of  the  induction  period  are  presented  in  this  sec- 
tion. These  runs  were  made  at  70°  in  the  presence  of  cobalt  (11)  naphthenate. 
Cobalt  acts  as  a  branching  catalyst  in  the  presence  of  the  peroxide  to  initiate 
the  radical  chain  process.  ' 

This  section  is  subdivided  into  two  parts  according  to  the  inhibitor 
used  in  the  i^stem.  Part  A  presents  the  results  of  studies  conducted  with 
HQ  and  Part  B  reports  those  studies  made  in  the  presence  of  DBC. 

A.  Hydroqulnone  in  cobalt  systems 

Effect  of  hydroqulnone  concentration.  A  series  of  five  kinetic  runs 
was  made  at  a  constant  cobalt  concentration  of  2. 38  x  10'*^  M  and  a  constant 
THP  concentration  of  2. 00  mM.  The  HQ  concentration  was  varied  from  1. 00 
to  1 . 50  mM.  The  results  are  shown  in  Table  10  and  a  plot  of  tj  versus 
[hq]^  is  given  in  Figure  6.  The  slope  of  the  line  is  9. 0  and  the  standard 
deviation  is +0.9. 

The  run  made  with  an  initial  HQ  concentration  of  1. 50  mM  was  taken 
off  after  45  hours  since  the  iiuluction  period  had  not  ended.  As  is  evident 
from  the  data,  the  length  of  the  induction  period  increased  sharply  with  in- 
hibitor concentration. 


TABLE  10 

EFFECT  OFHYDROQUmONE  ON  INDUCTION  PERIOD 

(100  ml.  tetraUn,  2. 00  mM  THP,  2. 38  x  10~^  M  cobalt  (11)  naphthenate, 

TO®.  1  atm.  Og) 


h 

xlO^ 

xl03 

hours 

1.00 

1.000 

0.97 

1.10 

1.331 

2.00 

1.25 

1.963 

8.18 

1.35 

2.460 

13.6 

1.50 

u 

53 
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A  second  series  of  nms  was  made  to  show  the  effect  of  HQ  cm  the 
inductioii  period  when  the  initial  concentration  of  THP  is  doubled.  The 
results  are  presented  in  Table  11.  A  In  -  In  plot  of  the  data  shown  in  ' 
Figure  7  gives  a  straight  line  with  a  slope  of  3. 2  and  a  standard  deviation 
of +0.2.  ' 

B.  Dibutylcresol  in  cobalt  systems 

■  ■  •  * 

Effect  of  dibutylcresol  concentration.   Five  runs  were  made  at  a 
constant  cobalt  concentration  of  2. 38  x  10'^  M  and  a  constant  THP  con- 
centration of  2. 00  mM.  The  concentration  of  DBC  was  varied  from  1. 80 
to  2. 50  mM  and  the  effects  on  the  inducti(xi  periods  are  presented  in  Table 
12.  A  plot  of  In  t|  versus  In  [  DBC  ]^  is  given  in  Figure  8.  The  points 
describe  a  line  wilh  a  slope  of  16. 4  and  a  standard  deviation  of  +5. 1. 

A  seccHid  series  of  nine  runs  was  made  at  a  THP  concentration  that 
was  four  times  greater  than  that  in  the  above  case.  The  DBC  concentra- 
tion was  varied  from  2. 00  to  8. 80  mM.  The  data  from  this  series  are 
shown  in  Table  13  and  a  plot  of  tj  versus  In  ([thp]  ^  -  [DBC]jj)is  gXveo.  In 
Figure  9.  A  least  squares  fit  of  the  data  gives  a  slope  of  -5. 6  and  a 
standard  deviation  of  jHt).  6.  •     •    ^  .    :     -  •  , 

Effect  of  tetralin  hydroperoxide  concentration.  A  series  of  four 
runs  was  made  to  study  the  effect  of  THP  concentration  on  Induction 
period.  The  DBC  concentration  was  2. 85  mM  and  the  cobalt  concentration 
was  2. 38  X  10"^  M.  The  results  are  shown  in  Table  14  and  plotted  in 
Figure  10.  Inspection  of  the  results  shows  tiiiat  the  induction  period  had  a 
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TABLE  11 

EFFECT  OF  HYDROQUINONE  ON  INDUCTION  PERIOD 

(100  ml.  tetralin,  4. 00  mM  THP,  2.38  x  10"^  M  cobalt  (H) 
naphthaiate,  70<>,  1  atm.  O2) 


[hq]o  iii[hq]o  H 

xlO^  +6.91  hours 

0.75  -0.288  0.68  -0.886 

1.00  0.000                    2.43  0.888 

1.25  0.223  4.64  1.535 

1.50  0.405  7.75  2.048 

2.00  0.693  17.6  2.836 

2.50  f» 


1 


I 
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TABLE  12 

EFFECT  OF  DIBUTYLCRESOL  ON  INDUCTION  PEBIOD 

(100  ml.  tetralln,  2. 00  mM  THP,  2. 38  x  10"*  M  cobalt  (H) 
m^hthenate,  70°,  1  atm.  Og) 


[DBC]^ 

ln[DBC]o 

tl 

Intj 

xl03 

+  6.91 

hours 

1.80 

0.588 

0.23 

-1.470 

2.00 

0.693 

0.37 

-0.994 

2.20 

0.788 

1.79 

0.582 

2.35 

0.854 

21.95 

3.090 

2.50 

72 
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TABLE  IS 

EFFECT  OF  DEBUT YLCRESOL  ON  INDUCTION  PERIOD 

(100  ml.  tetralln,  8.00  mM  THP,  2.38  x  10"^  M  cobalt  (II) 
iM^thenate,  70°,  1  atm.  O2) 


[dbc]^ 

xlO^ 

[tHpI,  -  [DBC]^ 
xlO^ 

ln([THP]o  -  [dBCJo)  ^ 
+  6.91  hours 

2.00 

6.00 

1.792 

0.16 

2.50 

5.50 

1.705 

0.37 

3.00 

5.00 

1.609 

0.95 

3.25 

4.75 

1.658 

0.95 

3.50 

4.50 

1.504 

1.73 

3.70 

4.30 

1.459 

1.35 

4.50 

3.50 

1.252 

2.88 

5.00 

3.00 

1.099 

8.57 

8.80 

-0. 80 

48.  0 
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1.2  1.4  1.6  1.8 


In  ([tHP]^  -  [dBc]^)  +  6.91  , 

Figure  9.    Plot  of  t-  versus  In  ([tHp]^  -  [dBc]^)  (100  ml.  tetralin,  ! 

8.00  mM  TUP,  2.38  x  10~^  M  cobalt  (II)  naphthenate,  70^,  j 

1  atm.  Og)  i 


61 


^  TABLE  14 

EFFECT  OF  TETRALIN  HYDROPEROXIDE  ON  INDUCTION  PERIOD 

(100  ml.  tetralln,  2.35  mM  DEC,  2.38  x  lO"^  M  cobalt  (II)  naphthe- 

nate,  70**,  1  atm.  Og) 


[tHp]o 

In  [tHp]o 

H 

xlO^ 

+  6.91 

hours 

2.00 

0.693 

21.95 

2.20 

0.788 

0.58 

2.50 

0.916 

0.30 

3.00 

1.099 

0.33 
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In  [tHp]^ 

Figure  10.    Plot  of  tj  versus  In  [thp]q  (100  ml.  tetralin,  2.35  mM 

DBC,  2.38  X  lO"^  M  col^alt  (II)  naphthenate,  70°, 
1  atni.  O^) 


*  8S 

strong  dependency  on  the  concentration  of  THP.  A  change  in  the  induction 
period  of  over  21  hours  was  effected  by  0. 20  mM  of  THP.  Three  of  the 
runs  exhibited  veiy  short  induction  periods  and  the  fourth  showed  a  long 
induction  period.  The  least  squares  slope  of  the  line  for  the  three  short 
runs  is  -0.74  with  a  standard  deviation  of  +0. 65. 
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in.  Cobalt  (II)  Naphthenate  and  2,  2-Azobi8isobutyronltrile  with  Othcor 

Additives 

This  section  is  divided  into  two  parts.  The  first  part  reports  the 
results  of  studies  in  systems  catalyzed  by  cobalt  (11)  naphthenate  and  fh& 
second  gives  the  results  of  Etystems  initiated  by  AIBN.  The  additives  used 
in  this  section  are:  water,  qulnone,  THP,  l,4-KiiniethQ3Qrbenzene,  £- 
metho^^yphenol,  DBC  and  quinhydrone. 

The  majority  of  runs  in  this  section  did  not  exhibit  iQducti(Hi  periods. 
For  these  cases  tiie  cixy%&a.  pressure  drop  for  one  hour  was  recorded  after 
allowing  15  minutes  for  the  system  to  reach  equilibrium. 

A.  Cobalt  (EL)  Naphthenate  Systems 

Effect  of  cobalt  concentration.  A  series  of  six  kinetic  runs  was 
made  with  cobalt  c(nicentration8  ranging  from  0.475  to  2.  38  x  10*5  M. 
The  results  are  in  Table  15  and  a  plot  of  In  initial  cobalt  ccmcentratioii  is 
given  In  Figure  11.  The  first  five  points  describe  a  good  straight  line  with 
a  slope  of  0. 59  and  a  standard  deviation  of  +0. 01. 

This  indicates  that  the  cobalt  dependency  in  the  following  equation 
is  approximately  half-K>rder. 

Rate=k  [Co]^0.6  ^49) 
lioyd  (2)  found  tiie  dependency  to  be  0. 54  and  also  observed  a 
levelling  effect  at  higher  cc^alt  concentrations.  The  purpose  in  makii^ 
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TABLE  15 

EFFECT  OF  COBALT  (H)  NAPHTHENATE  ON  RATE  OF  OXYGEN  UPTAKE 

(100  ml.  tetralln,  70°»  1  atm.  0„) 


In  [Co]q  Rate  In  Rate 

+  11,5  mm.  Og/hr. 


.0.475  -0.750  Ti  4.317 

0.950  -0.051  112  4.718 

0.950  -0.051  118  4.727 

1.19  0.174  129  4.860 

1.19  0.174  131  4.875 

2.38  0.867  140  4.942 


xlO^ 
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Figure  11.    Plot  of  In  Rate  versus  In  [co]   (lOO  ml.  tetralin,  70°,  : 
1  atm.  O.,)  ^  f 
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this  series  was  to  determine  the  magnitude  of  the  pressure  drop  so  it  could 
be  compared  to  the  following  systems.  The  series  also  shows  that  the  re- 
producibility of  the  method  is  good. 

Effect  of  water  concentration.  Three  runs  were  made  at  a  constant 
cobalt  concentration  of  0. 95  x  10"^  M.  The  water  concentration  was  varied 
^m  55.4  to  5. 54  mM  and  the  effect  on  the  rate  of  oxygen  taken  up  is  shown 
in  Table  16.  A  In  ->  In  plot  of  the  data  shown  in  Figure  12  gives  a  straight 
line  with  a  elope  of  -0. 114  and  with  a  standard  deviation  of  +0. 002.  There- 
fore the  water  dependency  in  the  rate  equation  is  -0. 11  or 

•        ■•  ■  •  t  j  •  ' 

•»  •    ■  ;- 

Rate  =  k  I  

[HgOjO-ll  , 

These  runs  show  that  increasing  the  water  concentration  decreases 
the  oxygen  uptake.  It  is  evident  that  rigorous  care  must  be  talcen  to  exclude 
water  in  kinetic  runs.  A  possible  explanation  for  the  decrease  is  that  the 
water  complexes  with  the  cobalt  and  thereby  reduces  its  efficiency.  Pure 
tetralin  under  these  same  conditions  shows  no  apparent  oxygen  uptake. 

Effect  of  quinone  concentration.  A  series  of  three  runs  was  made 
at  a  constant  cobalt  concentration  of  0.95  mM.  The  quinone  concentration 
was  varied  from  0. 50  to  1. 50  mM.  The  effect  on  the  rate  of  oxygen  iq)take 
is  shown  in  Table  17.  A  In  -  In  plot  of  the  data  shown  in  Figure  13  gives  a 
good  straight  line  with  a  slope  of  -0. 306  and  a  standard  deviation  of  +0. 007. 

The  rate  of  the  reaction  is  inversely  proportional  to  the  quinone 
concentration  and  its  effect  is  greater  than  that  of  water.  Hence  quinone 
seems  to  be  more  effective  than  water  in  complexing  with  cobalt. 
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TABLE  16 

EFFECT  OF  WATER  ON  COBALT  SYSTEMS 
(100  ml.  tetralin,  70°,  1  attn.  Og) 


ln[H20]o 

Hate 

In  Rate 

xlO^ 

xlO^ 

+  6.91 

mm.  02/hr. 

0.95 

55.4 

4.012 

fT 

4.605 

0.95 

27.7 

;  3.315 

4.419 

0.95 

5.54 

1.712 

4.344 

0.95 

none 

m 

1 
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TABLBIT 

imcT  OF  Quafoiiioii  COBALT  8nni» 
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n 

•.000 

m 
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i.M 

9k 

S.Oll 
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Effect  of  tetraltn  hydroperoxide  concentration.  Three  runs  were 
made  with  THP  and  cobalt  to  determine  the  e£fect  cm  the  rate  of  reaction. 
The  results  are  presented  in  Table  18  and  plotted  in  Figure  14. 

In  this  series  the  rate  of  axygea  uptake  decreases  on  addition  of  THP. 
A  possible  e}q>lanation  for  this  observed  effect  will  be  presented  in  the  Dis- 
cussion sectioiu 

In  an  effort  to  investigate  tiiis  i^stem  ftirther,  a  series  of  sodium 
thiosulf ate  titrations  were  made  to  determine  the  THP  concentration  from 
the  amount  of  iodine  liberated  from  potassium  iodide. 

Three  samples  of  the  run  containing  25  mM  THP  and  0. 95  x  10"^  M 
cobalt  were  titrated  at  the  end  of  the  run  (3. 25  hours)  and  they  were  found 
to  have  a  THP  concentration  of  ai^roximately  400  mM. 

A  large  sample  was  centrlfuged  to  determine  if  the  THP  had  dropped 
out  of  solution  and  analysis  showed  that  it  had  not.  The  concentration  had 
increased  to  approximately  575  mM  in  THP  which  is  reasonable  since  the 
oxidation  process  was  not  quenched. 

A  large  amount  of  cobalt  was  then  added  to  the  sample  so  that  tbe 
resultant  cobalt  concentration  was  2. 38  mM.  The  color  of  the  sample 
turned  green-brown  and  a  white  precipitate  formed.  Two  samples  of  this 
mixture  were  then  titrated.  The  first  showed  a  THP  concentration  of  280 
mM  and  the  second  (which  was  titrated  about  5-10  minutes  later)  gave  a 
concentration  of  170  mM.  This  showed  that  the  THP  was  decomposing. 

The  mixture  was  then  centrlfuged  for  one  hour  and  titration  showed 
that  the  concentrati<xi  of  the  dear  upper  layer  had  fallen  to  a  n^llgible 
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TABLE  18 

EFFECT  OF  TETRAUN  HYDROPEROXIDE  ON  COBALT  SYSTEMS 
(100  ml.  tetralln,  70^  1  atm.  O2) 


[Co]o  [thpJo  Rate 

xlO^  xlO^  mm.  Og/hr. 

1.19  none  130 

1.19  1.00  115 

0.95  mme  112 

0.95  5.00  109 

0.95  25.0  91 
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amount.  The  precipitate  from  the  lower  layer  contained  no  appreciable 
amount  of  THP.  Unfortunately*  this  titration  method  ifi  not  sensitive 
enough  to  accurately  detect  concentrations  below  5  mM.  E  seems  likely 
that  the  cobalt  is  decamposlng  some  of  the  THP  but  that  the  rate  of  THP 
formation  is  greater  than  its  decomposition  rate  and  thus  the  effect  is 
masked.  ~ 

la  summary,  the  THP  concentration  increased  during  this  run 
approximately  16  fold  and  remained  in  solution.  On  addition  of  a  large 
amount  of  cobalt  (2.38  mM)  the  concentration  of  THP  slowly  dropped  to  a 
n^Ugible  value.  The  rate  of  decomposition  of  THP  is  now  evidently 
greater  than  the  rate  of  formation. 

^    In.  order  to  determine  if  the  initial  THP  ccmcentratlon  affected  the 
observed  build-Hip  of  THP,  a  titration  was  made  coi  a  run  contalniog  the 
same  initial  cobalt  concentration  of  0. 95  mM  but  no  initial  THP.  The  THP 
content  was  found  to  be  ffi>proKimately  the  same  as  in  the  above  run  con- 
taining both  cobalt  and  THP  initially.  ^ 

Effect  of  1.4-dimetho?gybenzene  concentration.  This  run  was  made 
to  determine  the  effect  of  a  disubstituted  HQ  (with  no  ph^olic  hydrogens) 
in  a  cobalt  system.  The  cobalt  concentration  was  2. 38  x  10"^  M  and  the 
l,4-dimetha]{ybenzene  concentration  was  1:46  mM.  The  rate  of  oxygen 
uptake  was  150  mm.  in  30  minutes,  or  more  than  double  that  of  the  cor- 
responding run  containing  only  cobalt. 

This  run  seems  to  indicate  that  the  replacement  of  the  phenoUc 
hydrogens  with  mefhooQr  groups  causes  the  compound  to  act  as  an  accelera- 
tor instead  of  an  inhibitor. 


Effect  of  dlbutylcresol  concentration.  Two  runs  were  made  at  con- 
centrations of  2.38  X  lO'^^which  is  the  same  as  in  the  previous  series 
but  greater  than  the  concentration  in  the  THP  series.  The  DBC  concentra* 
tion  in  the  first  run  was  2. 00  mM  and  in  the  second  it  was  8. 00  mM.  The 
first  run  showed  only  a  5  mm.  OM^en  pressure  decrease  after  55  hours 
and  the  second  had  taken  up  3  mm.  of  oxygen  after  28  hours.  Both  runs 
showed  very  good  protection  at  this  cobalt  concentration     . .  :  ;  ;  •  i 

Effect  of  p-methoxyphenol  concentration.  One  run  was  made  with 
the  monosubstituted  HQ,  ^-methcKyphenol,  at  a  concentration  of  1. 25  mM. 
The  cobalt  concentration  was  2. 38  x  10"^  M  and  2. 00  mM  of  THP  were 
added.  The  run  was  left  on  for  44  hours  and  only  25  mm.  of  oxygen  were 
taken  iip.  A  correeqponding  run  using  HQ  instead  of  g-^nefhoQrxihenol  gave 
an  induction  period  of  8. 18  hours.  ^  ;  -i-.- 

i  i        A  titration  was  made  after  the  run  was  over  and  showed  no  signlfl* 
cant  THP  concentration  change.  .  <   :  y.  .no  >■ '  .  » . 

hi  summary,  the  series  of  runs  with  melho^  substituted  hydro- 
quinones  shows  that  the  absence  of  phenolic  bydrogens  in  1, 4-dimetha8y*  : 
b^izene  greatly  accelerates  the  rate  of  oxygen  uptake  and  the  presence  of 
one  phenolic  hydrc^en  tn  g^methoxyphenol  appears  to  give  better  protec- 
tion or  inhibition  than  hydroquinone  with  its  two  phoiollc  hydrogens. 

B.  2. 2-Azobisisobutyronitrile  Systems 

AIBN-no  additives.  One  run  was  made  at  an  AIBN  concentration 
of  18. 00  mM  in  100  ml.  of  tetralln  and  one  atmoi^ere  oxygen  pressure. 
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The  rate  of  axygea  uptake  for  the  first  hour  was  130  mm.  This  value  was 
used  as  the  standard  with  vMoh.  to  compare  the  followiog  runs. 

Effect  of  water  on  AIBN  systems.  The  effect  of  water  was  studied 
by  a  run  with  an  AIBN  concentration  of  18. 00  mM  and  a  water  concentra- 
tion of  55. 4  mM.  The  oxygen  uptake  in  this  erystem  was  127  mm.  This  Is 
eqoivalent,  within  experimental  error,  to  the  pressure  decrease  in  the 
previous  run  which  did  not  contain  water. 

la.  &e  cobalt  system,  the  run  with  a  water  concentration  of  55.4  mM 
showed  a  pressure  drop  of  77  mm.  as  con^)ared  to  a  pressure  drop  of  112 
mm.  in  the  absence  of  water.  This  indicates  that  the  process  that  occurs 
in  cobalt  systems  containing  water  vfbidi  decreases  the  rate  of  oxygen  ab- 
sorption does  not  occur  In  AIBN  systems. 

Effect  of  qulQone  on  AIBN  systems.  A  run  was  made  that  contained 
18. 00  mM  of  AIBN  and  1. 50  mM  of  qulnone.  The  rate  of  oacygen  uptake 
for  the  first  hour  was  130  mm.  MMch  is  the  same  rate  as  the  run  contain- 
ing no  quinone. 

Jd.  the  analogous  runs  in  the  cobalt  series,  the  oocygen  pressure 
decrease  in  the  presence  of  1. 50  mM  of  quinone  was  51  mm.  and  112  mm. 
for  the  run  containing  only  cobalt.  Thus  it  appears  that  quinone  is  capable 
of  interacting  in  cobalt  ^stems  but  not  in  AIBN  ^sterns. 

Effect  of  p-methoxyphenol  cm  AIBN  systems.  A  series  of  ei^t 
kinetic  runs  were  made  at  60°,  70°  and  80°  with  both  ^-methoxyphenol 
and  AIBN.  The  results  are  presented  in  Table  19. 
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TABLE  19  v 

EFFECT  OF  £-METHOXYPHENOL  CONCENTRATION  ON  INDUCTION 

PERIOD 

(100  ml.  tetralin,  70**,  1  atm.  O2) 


Temp. 

[aibn]^ 

[g^-Methocsyphenol] 

Stolchlo. 

xlO^ 

xlO^ 

hours 

60 

5.83 

0.971 

12.40 

2.12 

60 

17.48 

1.46  , 

5.96 

2.27 

70 

5.83 

0.971 

3.36 

2.43 

70 

8.74 

1.46 

3.33 

2.41 

70 

17.48 

1.46 

1.48 

2.42 

80 

5.96 

1.94 

- 

80 

5.96 

2.91 

80 

5.96 

4.86  ^ 

« 

not  well  de^ed  for  these  runs. 
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The  rums  at  60^  and  70*^  showed  a  slow  oxygen  uptake  during  the 
Induction  period  which  indicates  tbat  the  inhibitor  is  not  very  efficient 
in  cs;>turing  radicals.  The  runs  at  80^  did  not  show  a  well  defined  in- 
ductiixa  period  but  <»Jy  a  slow  irregular  oxygen  uptake.  Since  this 
anomalous  bdundor  is  manifested  at  80^,  a  plausible  explaiuttion  is  that  ■ 
additional  radicals  are  generated  by  the  termal  decomposition  of  the  ■ 
substrate. 

The  values  for  the  stoichiometry  averaging  2.42  radicals  per 
molecule  at  70^  (Table  19)  show  that  ^-methoxyphenol  is  a  better  inhibi- 
tor than  HQ  in  AIBN  systems.  This  is  the  same  conclusion  that  was 
obtaioed  in  c(^alt  eystems. 

Effect  of  qulnhydrone  on  AIBN  systems.  The  effect  of  quinhydrone, 
a  molecular  compcund  of  HQ  and  q^inone,  was  studied     a  run  containing 
4.35  mM  AIBN  and  2. 40  voM  qulnhydrone.  The  induction  period  was  12. 90 
hours.  The  calculated  stoichiometry  is  1. 6  radicals  stepped  per  molecule 
of  qulnhydrone. 


DISCUSSION 


The  results  of  this  research  will  be  discussed  in  this  sectLon  on 
the  basis  of  current  free  radical  theory  with  particular  attention  devoted 
to  consideration  of  the  mechanism  of  inhibitor  action  and  to  the  cobalt 
catalyzed  decomposition  of  tetralin  hydroperoxide.  The  section  is  divided 
into  three  parts.  The  first  part  discusses  the  inhibition  process  in  ncxa^ 
branching  initiator  systems  and  the  second  discusses  the  inhibition  pro- 
cess In  branching  catalyst  systems.  The  last  part  is  a  discussion  of 
the  effects  of  additives  in  branching  and  non-branching  systems. 
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.  I»  The  lohibitioa  Process  in  Non-Branchiiig  Initiator  S^ystems 

The  e?q>erimental  results  in  AIBN  initiated  autoxidation  using  tetraltn 
as  a  substrate  has  verified  four  important  ideas  that  parallel  the  w<nrk  of 
Weinle  (41)  in  \(idch  cumene  was  used  as  a  substrate.  They  msQr  be  sum- 
marized as  follows:  :    .  ,  ;  \\\  .:■  . 

1.  Inhibition  is  a  result  of  reaction  between  free  radicals  produced 
in  the  system  and  the  inhibitor.     ■•   *  ...        ■  . 

2.  The  inhibition  reaction  is  reproducible  and  can  be  correlated  to 
the  stoichiometry  of  the  inhibitor.  : 

3.  The  stoichiometry  of  the  inhibitor  can  be  determined  by  means 
of  the  radical  counting  technique  and  the  initiator  effilciency.   For  HQ  this 
value  is  1. 1  radicals  per  molecule,  for  DEC  it  is  2. 0  radicals  per  molecule, 
for  (jpilnhydnme  it  is  1. 6  radicals  per  molecule  and  for  £i-methoxyphenol  it 
is  2.4  radicals  per  molecule  at  70^. 

4.  At  high  temperatures  and  during  long  induction  periods  the  in- 
hibitor is  destroyed  by  radicals  or  processes  other  than  those  derived 
from  the  decomposition  of  ATBN. 

The  present  work  plus  Weinle's  (41)  contribution  establish  that  the 
principal  processes  occurring  during  the  induction  period  in  AIBN  aystems 
are  well  characterized  and  predictable  over  a  much  wider  range  of  condi- 
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tlons  than  has  previously  been  reported.  This  predictability  may  be  ex- 
pressed quantitatively  by  the  following  kinetic  ei^piation,  derived  by  Weinle, 
in  accordance  with  the  principles  employed  in  explaining  the  results: 


t^    =  fin  2  [AIBN]^  -  In  (2  ot  [AIBN^^  -  S  [a]^ 


(51) 


where  t^  is  the  length  of  induction  period,     is  the  specific  rate  constant  for 
AIBN  decompositicm,   oc  is  the  initiator  efElciency,  S  is  the  Inhibitor  stoichi- 
ometry  and  [a]^  equals  initial  concentration  of  Inhibitor. 

A  test  of  equation  51  is  shown  in  figures  15  and  16.  The  data  for 
these  plots  are  fr(»n  Tables  4  and  7  which  show  the  effect  of  HQ  and  DBC, 
respectively,  on  the  induction  period  at  70^.  A  stra^ht  line  with  a  slope 

equal  to  1  /  k^  will  be  obtained  if  equation  51  is  valid.  The  calculated  value 

/  4 

of  1  /  k||  is  1 . 7  X  10  seconds  (17).  The  values  obtained  from  the  least  square 

4  4 
slope  are  2. 6  x  10  seconds  for  the  HQ  series  and  0. 98  x  10  seconds  for  the 

DBC  series.  . 

Since  the  characterization  and  predictability  of  the  principal  pro- 
cesses occurring  during  the  induction  period  in  tetralin  have  been  estab- 
lished, the  results  of  the  inhibitor  stoichiometry  measurements  may  be  used 
to  deduce  possible  mechanisms  for  the  destruction  of  the  inhibitor. 

For  DBC  the  mechanism  involves  the  foUowlng  process: 

( m  • 

X  X  X 

+  2R00.   >   ROOH+       1     Jj  (52) 

Ut  Me  OOR 
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In  (2  0c[aIBn]o  -  s[pIQ]o) 

Figure  15.    Plot  of  tj  versus  In  (2  OC[aIBn]o  "  s[hq]o)  (Data  from 
Table  0) 
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where  X  represents  the  jt -butyl  group. 

Justlflcatioa  for  this  assignment  comes  from  the  <^servation  of  a 
radical  stolchlometry  of  2. 0  (7,  65),  isolation  of  the  quinold  type  product  I 
from  systems  of  DBC  and  radical  initiators  (42,  43)  and  from  the  kinetics  of 
DEC  systems  containing  cobalt  (H)  naphthenate  to  be  discussed  in  Part  n  of 
this  sectiCHi. 

The  mechanism  of  HQ  and  similar  inhibitors  is  still  not  clear.  How- 
ever, considerable  evidence  is  accumulating  for  the  following  scheme: 


M  OH 

Q    .   KOO  >  ^ 

«  0* 


Evidence  for  this  mechanism  may  be  summarized  as  follows: 

1.  Quinones  have  been  detected  in  solutions  Inhibited  by  hydroquinones 
(50,  51,  66-69). 

2.  The  observed  stoichiometry  of  HQ  in  both  tetralin  and  cumene  (41) 
is  about  1.1  radicals  per  molecule.  This  stoichiometry  is  possible  if  th« 
rate  of  step  b  is  1. 2  times  that  of  step  a,  which  means  that  the  semiquinone 
radical  must  react  quite  rapidly  with  oxygen.  This  has  been  shown  to  occur 

Weissberger  et  al.  (66,  70). 
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3.  If  step  a  is  Important,  the  induction  period  in  hydroquincme  systems 
should  be  increased  at  lower  o^gen  pressures.  This  has  bemi  observed  by 
Lloyd  (2). 

4.  Quinhydrone  might  be  expected  to  have  a  higher  stoichiometry  than 
hydroquinone  on  the  basis  of  the  above  mechanism.  This  is  because  the 
semiqutoone,  complexed  with  quinone,  would  not  react  as  readily  with  oxygen 
but  would  be  available  to  react  with  the  more  reactive  tetralylperos^  radical. 
The  observed  stoichiometxy  of  quinhydrone  is  1. 6  radicals  per  molecule 
which  is  considerably  greater  than  the  stoichiometry  of  HQ; 

5.  The  observed  stoichiometry  of  jp-methajgrphenol  of  2.4  radicals 
per  molecule  can  be  accounted  for  in  terms  of  a  modification  of  the  above 
mechanistic  scheme.  In  this  case  the  reactions  would  become:  /  :, « 

OMe  OMe  ROO  OMe 


(54) 


ROO 


OMe 


OMe 


OOR 


OOR 


ROO* 


OOR 


2R00- 


^  and 
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OMe 


ROO 


ROO 


OOR 
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The  rate  of  step  c  would  have  to  be  four  times  that  of  step  d.  This  is 
reasonable  since  the  one  position  has  a  higher  electron  density. 

6.  The  observed  stoichiometry  of  several  other  hydroquinone  type 
inhibitors  is  consistent  with  the  mechanism  presented.  2, 5-Di-4-butyl  hydro- 
quinone has  been  reported  (7)  to  have  a  stoichiometry  of  0. 85  radicals  per 
molecule  vribiich  suggests  that  the  oxidation  of  the  semiqulnone  is  more  impor- 
tant in  this  case  than  in  hydroquinone.  Since  this  semlcpiinone  is  sterlcally 
hindered  it  is  reasonable  to  expect  that  oxygen  might  attack  more  readily  than 
the  bulky  tetralylperoKy  radical. 

In  summary,  the  portion  of  this  work  involving  the  AIBN  initiator  has 
shown  clearly  that  ttie  principal  processes  occurring  during  the  induction 
period  are  well  characterized  and  predictable  over  a  wide  range  of  conditions. 
In  addition,  it  has  provided  Inhibitor  stolchlometries  \^oh  have  been  used  in 
conjimction  with  other  information  to  postulate  mechanisms  for  the  inhibitors 
used  in  this  study. 
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n.  The  Inhibition  Process  in  Branching  Catalyst  Systems 

Kinetic  studies  of  the  autoxidation  of  tetralin  in  the  presence  of  cobalt 
(II)  naphthenate  were  invest%ated  in  order  to  compare  the  inhibition  process 
in  branching  and  non-branching  systems.  If  the  mechanism  of  inhibiti<m  in- 
volves hydrogen  abstraction  by  the  peroaqr  radical,  a  hydroperoxide  will  be 
formed.  Cobalt  ions  are  known  to  decompose  hydroperoxides  to  give  radicals. 
Therefore,  an  inhibitor  that  functions  by  hydrogen  abstraction  should  give 
poor  protection  in  cobalt  systems. 

A.  Kiaetics  of  dibutylcresol-cobalt-tetralin  hydrc^roxide  systems 

The  proposed  mechanism  for  DEC  destruction  was  given  in  Part  I  of 
this  section.  Weinle  (41)  has  derived  an  equation  for  the  kinetics  of  the  induc- 
tion period  process  assuming  the  proposed  mechanism  to  be  operative.  He 
found  excellent  correlation  between  the  equation  and  the  e3q)erimental  results. 
Wetnle's  equation  is: 


In  [THP]^  -  In  (  [THP]^  -  [DBC]^ 

(55) 

where  tj  is  the  length  of  induction  period,  is  the  specific  rate  constant  for 
cobalt  catalyzed  decomposition  of  THP  and  x  is  the  number  of  ci^alt  ions  in- 
volved in  the  decomposition. 
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Since  Weinle  found  excellent  correlation  between  the  equation  and  ex- 
periments on  all  parameters  in  the  equation  in  cumene  systems,  it  was  de- 
cided to  test  the  equaticm  on  only  one  parameter  In  the  tetralin  system.  The 
parameter  chosen  was  the  DBC  concentration  and  a  plot  of  t^  versus  In  ([THP]^ 
-  [DBC]q)  from  the  data  of  Table  13  is  given  in  Figure  9.  The  points  de- 
scribe a  straight  line  with  a  slope  of  -5. 05  and  a  standard  deviation  of  tO.  56 
which  strongly  suggests  that  the  mechanism  of  DBC  is  tiie  same  in  tetralin  and 
cumene. 

This  cozrelation  also  Indicates  that  the  peroxide  decay  process  is  sim- 
ilar in  the  two  substrates.   From  the  alape  of  ihe  line  in  Figure  9  the  speciQc 
rate  constant  for  the  cobalt  catalyzed  decomposition  of  THP  may  be  calcu- 
lated  and  the  value  compared  with  the  corresponding  vahie  in  cumene.  These 
values  are: 

=  9.6x10*  liters /mole /second  in  tetralin 
=  4.5x10^  liters /mole /second  in  cumene 
It  thus  ^ears  that  the  specific  rate  constant  for  the  cobalt  catalyzed 

THP  decomposition  is  approximately  one-fifth  that  of  the  corre^onding  cumene 

hydzx>peroxide  decomposition. 

B.  Kinetics  of  hydroquinone-cobalt-tetralin  hydrc^rcodde  systems 

Perhaps  the  most  strildng  difference  between  HQ  and  DBC  in  the  cobalt 
systems  is  the  fact  that  HQ  is  a  much  better  inhibitor  than  is  DBC.  Since  the 
kinetics  of  the  process  in  DBC-cobalt-THP  systems  has  been  characterized 
and  the  rate  constants  have  been  determined,  the  only  reasonable  explanation 
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for  the  greater  efl^clency  of  HQ  in  protecting  cobalt  systems  is  that  somehow 
HQ,  or  its  product  quinone,  complexes  with  the  cobalt  catalyst.  This  could 
slow  down  the  radical  producing  peroxide  decay  process. 

To  investigate  this  possibility  quantitatively,  quinone  was  added  to  un- 
inhibited tetralin  containing  cobalt  and  THP.  The  rate  of  cxygea  uptake 
dropped  sharply.  In  contrast,  no  change  in  the  rate  of  oxygen  uptake  was  ob- 
served when  the  same  amount  of  quinone  was  added  to  uninhibited  tetralin  con- 
taining AIBN.  In  another  experiment  quinone  was  added  to  a  system  containing 
HQ,  cobalt  and  hydroperoxide.  This  resulted  in  a  lai^e  increase  in  induction 
period  compared  to  the  same  system  without  quinone. 

It  is  possible  to  derive  an  equation  for  the  rate  processes  occurring 
during  the  induction  period  taking  into  account  complexing  of  the  cc^alt  cata- 
lyst with  quinone.  This  equation,  derived  in  the  Appendix,  is: 

[m]iK-  ^^^^  ■ 

zkb  [Co]„  [R00H]„ 

where  t^  is  the  length  of  induction  period,  K  is  the  equilibrium  constant  for 
the  quinone-cobalt  complexing  process,      is  the  specific  rate  constant  for 
the  THP  decay  process,  x  is  the  number  of  cobalt  ions  involved  in  the  decom- 
position of  THP  and  z  equals  jq^  +  1  where  y  is  the  number  of  quinone  mole- 
cules involved  in  cobalt  complexing.  However,  x  and  y  may  have  a  broader 
significance  which,  will  be  explained  later. 

Before  testing  this  equation  with  the  experimental  data,  it  might  be 


91 

well  to  examine  the  implications  of  this  equation.  The  value  (or  values)  of 
the  equilibrium  constant  (K)  is  likely  to  be  the  product  of  two  or  more  equi- 
Ubrium  ccmstants  for  individual  step@  in  the  complesdng  p^rocess.  Thus  each 
of  the  processes: 

Co  +  Q  : — ^  CoQ         1^  ' 
CoQ  +  Q     ;;==±   C0Q2        %  (56) 
CoQ^  +  Q  CoQg  .  I: 

where  Q  is  quinone,  may  be  represented  by  an  equilibrium  constant.  The 
equilibrium  constant  for  the  overall  process  will  be  the  product  of  the  eqoi- 
Ubrtum  constants  for  each  step  or       "  ^  ,  % 

In  equati<m  85,  K  may  have  different  values  depending  on  the  ratio  of  cobalt  to 
quinone  la  the  system.  In  systems  containing  a  small  ratio  of  cobalt  to  quinone, 
K  may  be  the  product  of  K^^,      and      \i^ereas  in  systems  with  a  higher  co- 
balt to  quinone  ratio  K  may  be  the  product  of  K^^  and  K^^.  Changes  in  the  value 
of  K  can  occur  in  series  of  xxins  in  which  HQ  or  quinone  concentrations  are 
varied.  It  can  be  shown  that  the  e^ect  of  such  a  change  in  complexlng  will 
change  the  values  of  the  exponents  for  [hq]  ^  and  [Co]  ^  In  equation  85. 

Turnini;  to  the  data  on  the  HQ-cobalt*THP  i^stems,  the  correlations 
between  experimental  results  and  equation  85  can  now  be  made.  The  equation 
predicts  the  following  relationships  between  t^  and  each  of  the  e:q>erimental 
parameters  <  - 

[THP]^  [Co]* 


Each  of  these  relationships  has  been  observed  in  tetralin  systems  containing 
HQ.  The  first  and  second  were  observed  by  Lloyd  (2)  and  his  data  are  repro- 
duced in  graph  foimi  in  Figures  17  and  18,  The  value  of  x  from  Lloyd's 
work  is  3.  Two  series  of  data  on  HQ  dependency  were  reported  in  Tables 
10  and  11  and  plotted  in  Figures  6  and  7.  Both  conform  well  to  the  relation 
t|  =  k  [hq]^.  It  thus  appears  that  in  tetralin  systems  over  the  concentrao 
tion  ranges  reported  in  this  work  and  in  that  of  Lloyd,  equati<»i  85  takes  the 
form 

t.  =        ^tHQ]g  -  (59) 

.        _  3kb[Co]3[THP]o 

This  suggests  that  only  one  molecule  of  quinone  is  complexed  with  the  cobalt 
ion  in  the  principal  equilibrium  process.  The  value  of  K  then  becomes  1 . 2  x 
10^.  It  is  interesting  to  note  here  that  Weinle  (41)  found  that  in  cumene  systems 
equation  85  takes  the  form 

U  =   (60) 

7  1%  Wo  [CHP]o 

vdiere  [CHP]  ^  is  the  initial  concentration  of  cumene  hydrc^rosdde.  In  this 
case  apparently  three  molecules  of  quinone  are  complexed  with  the  cobalt. 
The  high  value  for  the  exponent  for  cobalt  suggests  that  the  complexing  equi- 
libria are  more  complex  in  cumene  than  in  tetralin. 

In  summary,  it  has  been  shown  both  qualitatively  and  quantitatively 
that  the  increased  efficiency  of  HQ  as  an  inhibitor  in  branchiiig  systems  is  due 
to  the  complexing  of  quinone  with  cobalt  thereby  reducing  the  effectiveness  of 
cobalt  as  a  catalyst  for  radical  production. 
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m.  Kinetics  of  Cobalt  (H)  N^hthenate  Catalyzed  Autoxldatlon  of  Tetralln 

The  results  of  the  studies  using  the  cobalt  catalyst  in  the  absence  of 
phenolic  inhibitors  have  shown  that  the  empirically  derived  rate  law  for  this 
process,  under  the  experimental  conditions  employed  in  this  work.  Is: 

 LLJ  =   ^  *•      °   -  k4[Co]^[THP]. 

r   1O.3  r  .0.11 

<tt  1  ^  ^[QIo      ^  ^^^^ 

v*iere  [Co]^,  [q]q»  [HgO]^  and  [THP]^  represent  the  Initial  concentrations 
of  cobalt,  quinone,  water  and  THP  respectively  and  k^,  k^,  k^  and  k^  are 
rate  constants.  This  equation  illustrates  that  the  rate  of  o^en  uptalce  is  cata- 
lyzed by  the  cobalt  species  but  that  this  catalysis  is  inhibited  somewhat  by 
quinone,  water  or  THP.  In  addition,  the  rate  law  Indicates  that  the  inhibition 
by  THP  is  different  in  nature  than  the  Inhibition  by  quinone  and  water. 

The  catalysis  by  cobalt  is  well  Imown  and  expected  although  the  mech- 
anism of  the  process  is  still  very  much  in  doubt.  If  the  catalysis  involves 
radical  initiaticm  by  cobalt  ions  and  a  bimolecular  termination  step,  the  rate 
law  should  Indicate  a  0. 5  order  dependency  of  the  rate  on  the  cd^alt  concentra- 
tion. The  observed  0. 6  order  dependency  is  in  good  agreement  with  this  and 
with  the  reaction  scheme: 
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/       (Og,  ROOH,  ?)  +  Co"^   »  ROO- 

ROO*  +  RH  >  ROOH  +  R* 

(62) 

R-  +  Og   >  ROO- 

2  ROD*   *    inert  products 

The  nature  of  the  first  st^  in  the  scheme  is  unlmown.  Jt  has  been  suggested 
(10)  that  liie  cobalt  may  react  with  oxygen  to  produce  a  cobalt  perojiy  radical 
wbdLch  might  initiate  chains  as  follows: 

Co++  +  Og   >    CO++02'      ,  .  (63) 

It  is  known  that  cobalt  produces  radicals  by  decomposition  of  hydroperoxides 
(12,  43,  52).  However,  the  cd3alt  catalysis  also  occurs  in  systems  con- 
taining no  detectable  concentration  of  hydroperoxides.  Moreover,  at  Ihe 
cdsalt  concentrations  used  in  this  work,  addition  of  hydroperoxide  inhibits 
ra&er  than  accelerates  the  reaction. .  The  most  reasonable  interpretation  of 
this  data  is  that  cobalt  initiates  radicals  by  reacting  according  to  process  63. 

Qulnone  and  water  have  been  observed  to  inhibit  tetralin  autoxidation. 
This  would  occur  if  the  cpiinone  and  water  complexed  with  cobalt  so  as  to  pre- 
vent the  cobalt  from  Initiattog  radicals.  This  is  sinxllar  to  the  inhibition  ob- 
served for  the  hydroquinone-THP-cobalt  systems  discussed  in  fhe  previous 
section.    •:•■•<-,-■  ^ 

The  nature  of  this  phenomenon  can  be  visualized  mathematically  as 

follows:  .  .  f  J;      •   ■  ■   ;  ,  :"        .  .  '    .       .l  ■  . 

"^M  r    -I  n  fl     •  (64) 

— i-^-'   =   k  [Co]  ^  ' 

dt 
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which  is  the  observed  rate  law  for  cobalt  catalysis  in  the  absence  of  water 
and  quinone.  If  the  following  equilibrium  is  set  iqp  on  addition  of  water  or 
quinone  (Q): 

Co   +   xQ   >    Ck)Qjc  (65) 

then  the  active  cobalt  concentration  will  become: 


■■■■  •( 


[Co]    =    -Ms—  (66) 

1  +  k[q]^ 

where   Co  ^  and   Q  ^  are  the  initial  concentrations  of  cobalt  and  quinone, 
K  is  the  equilibriiun  constant  for  the  complexing  reactions  and  x  is  the  num- 
ber  of  quinone  molecules  involved  in  the  complex. 

Substituting  equation  66  into  equation  64  gives: 


dt  (1  +  K[Q]J)^-^  1  +  0.6K[q]J 

(67) 

If  the  above  assumptions  are  valid,  the  constants  k2  and     in  equatiao  61 
become  0.6  times  the  equilibrium  constant  for  the  quinone  and  the  water  com 
plexing  processes  respectively. 

Equation  61,  as  noted  above.  Indicates  that  the  inhibition  by  THP  is 
of  a  different  nature  than  that  shown  by  quinone  and  water.  The  form  of  the 
equation  suggests  that  THP  is  involved  in  a  reaction  with  cobalt  vMch  is  com 
petitive  with  the  process  in  which  cobalt  produces  radicals.  A  reasonable 
competition  process  is  that  if  ccQrgen  and  THP  axe  complexed  with  cobalt  at 
the  same  time,  a  reaction  of  the  type 
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 ^    Co++    +  +    RgC  ■  0    +   HgO  (68) 

RgCHOgH 

might  occur.  This  could  be  represented  stepwise  as: 

'    Go**   +   RgCHOOH   Co"^+   +    RgCHO'    +  OH"  (69) 

RgCHO.    +    CoOg^   >    RgC  =  0    +    CoOg-*-^  (70) 

C0O2H+++   >     Co"^    +    Og   +   H*^  (71) 

The  reaction,  analogous  to  equation  71,  of  the  cdialt  decomposition  of  hydro- 
peroxide to  form  radicals  could  occur  as  follows: 

CoOOCHR„'*'^   Co"^    +   R„CHOO-  + 

i        2  2  ^2) 

-V'-      ■  ■  .  ^ 

In  summary,  the  results  of  this  section  have  been  interpreted  so  as  to  formu- 
late the  radical  initiation  process  as  involving  reaction  of  oxygen  with  cobalt 
to  give  the  radical  initiator.  This  initiator  may  be  prevented  from  forming 
if  the  cobalt  complexes  with  either  quinone  or  water.  The  initiator  may  also 
enter  into  a  reaction  with  THP.  This  latter  reaction  reduces  the  rate  of  radi- 
cal initiation  by  a  competitive  reaction  which  regenerates  the  cobalt.  The 
c<*alt  is  then  free  to  react  with  oogrgen  to  produce  the  initiator.  The  initiator 
may  then  initiate  chains  or  react  with  THP.  la  this  competitive  process,  all 
of  the  cobalt  is  free  to  react.  In  the  water  and  the  quinone  complexing  pro- 
cess, much  of  the  cobalt  is  imable  to  react. 

At  higher  concentrations  of  THP,  reaction  of  cobalt  with  oxygen  is 
probably  eliminated  because  the  cobalt  is  complexed  with  THP.  Under  these 
conditions  radical  initiation  occurs  entirely  by  decomposition  of  the  hydro- 
peroxide. This  latter  phenoma  has  been  observed  by  many  workers  (12,  30,  35). 


'  SUMMARY 
V      Studies  of  the  Inhibition  process  in  non-fcranch!ng  systems  have  es- 
tablished that  the  reactions  between  JEree  radicals  and  inhibitors  are  well 
characterized  and  predictable  and  can  be  related  to  the  stoichiometry  of  the 
inhibitor.  The  stoichiometries  of  the  inhibitors  hydroquinone,  jg-methcKy- 
phenol  and  quinhydrone  have  been  found  to  be  1.1,  2.4andl.6  radicals  per 
molecule  at  70°.  The  radical  producing  efficiencies  of  2, 2'-azobisisobutyro- 
nitrile  in  tetralin  substrate  have  been  determined  at  60°,  70°  aiMi  80°  and  are 
0. 50,  0. 54  and  0. 56  respectively.  Mechanisms  are  pr<^osed  for  the  inhibi- 
tion reactions  of  the  above  inhibitors  and  shown  to  be  consistent  with  a  substi- 
tuted hydroquinone  whose  stoichiometry  has  been  reported  by  other  workers. 

The  results  of  studies  in  branching  catalyst  systems  provided  evi- 
dence  that  the  mechanism  of  dibulylcresol  is  the  same  in  tetralin  as  it  is  In 
cumene  by  showing  that  Welnle»s  (41)  equation  is  obeyed  for  dibutylcresol  in 
tetralin.  It  was  shown  qualitatively  and  quantitatively  that  the  behavior  of 
hydroquinone  In  cobalt  systems  is  due  to  formation  of  a  complex  between 
cobalt  and  quinone.  This  complex  prevents  cobalt  from  decomposiog  hydro- 
peroxides. An  equation  was  developed  to  quantitatively  express  tiie  com- 
plexing  process.  This  equation 
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gave  good  correlation  with  the  e?q>erimeiital  results. 

The  results  of  the  final  section  have  shown  that  the  rate  of  uninhibited 
oxidation  is  proportional  to  [Co] The  addition  of  water*  quinone  or 
tetralln  hydrc^eroslde  was  found  to  decrease  the  rate  of  oxygen  uptake.  The 
empirically  observed  rate  law  for  the  above  observations  is 

(bl) 

This  indicates  that  tiie  inhibition  by  quinone  and  water  is  of  a  different  nature 
than  that  of  tetralln  hydroperoxide.  An  explanation  for  the  two  types  of  inhi- 
bition has  been  presented  in  terms  of 

1.  Complesdng  of  water  and  quinone  with  cobalt  to  reduce  its  cata- 
lytic activity. 

;         2.  A  competing  reaction  of  tetralln  hydroperoxide  with  the  initiator 
CoOgJ"  to  reduce  the  initiating  efficiency  of  the  radical. 
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APPENDIX 

Derivation  of  aa  Equation  for  the  Kinetics  of  the  fiiduction  Period  Process  in 
H3rdroquinone-Cobalt-Hydroperoxide  Systems 

This  derivation  is  based  on  the  following  assumptions. 

1.  Quinaae  complexes  ^th  the  cobalt  catalyst  and  this  complex  is 
unable  to  act  as  a  catalyst. 

2.  An  e(]piilibrium  or  equilibria  ^sts  between  complexed  and  active 
cobalt  ions. 

8.  HQ  reacts  rapidly  with  all  the  radicals  produced  in  the  system  to 
give  quin(»ie  and  hydroperoodde  molecules. 

4.  Decomposition  of  the  hydrpperaxide  is  the  source  of  all  radicals. 

Under  these  conditions,  the  rate  of  radical  production  equals 
kj^  [Co]^  [roOhJq  \\^ere  kj^  is  the  specific  rate  constant  for  the  cobalt  cata- 
lyzed hydroperoxide  decomposition,  [Co]  is  the  concentration  of  active  cobalt, 
X  is  the  number  of  cobalt  ions  involved  in  the  decomposition  step  and  [roOH]  ^ 
is  the  ioitial  concentration  of  hydroperoxide.  According  to  the  above  assump- 
tions, [rooh]  ^  wiU  remain  constant  as  long  as  HQ  is  present. 

The  rate  of  inhibitor  consumption  parallels  the  rate  of  radical  produc- 
tion or 
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^^^^  =  Rate  of  radical  production  =  k^^  [Co]'' [ROOh]^  (73) 
dt 

If  the  cobalt  is  complexed  by  the  qulnone  (Q): 

Co  +  yQ  CoQy  (74) 

this  may  be  represented  by  the  equilibrium  coostant  eTqiression: 


vMda  rearranges  to: 


[co\[qV 


If  K  is  large: 


[CoQy]  ^[Co]o  (77) 
where  [Co]  ^  is  the  initial  concentration  of  cobalt. 
Rewritiog  equation  76  gives: 

[Co]    =       1^^^°  ;  pg, 

The  concentration  of  qulnone  at  time  t  (Q^.)  will  be: 

[Q]t    =    Mo    -    [HQ]t     .  :  <^^> 

Substituting  this  into  equation  78  yields:  , 

[Co]    =   (80) 

K  (  [hq]^  -  [Eq\f 

Equation  80  can  now  be  substituted  in  equation  73  to  give: 
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»d  [hq]    ^         kfa  [Colo  [ROOhIo 
dt  K*([HQ]o  -  [HQ]t) 


yx 


(81) 


Rearranging  and  Int^ating  between  the  limits  t  =  0  and  t  =  tj  and  the  limits 
[hq]  =  [HQ]q  and  [hq]=  [hq]^  where  [hq]^  is  the  initial  concentration  of 
HQ  and  [HQ]^  is  the  concentration  of  HQ  at  the  end  of  the  induction  period. 
[HQ]^  can  be  assumed  to  be  equal  to  zero. 


([HQ]o-[HQ]t)^<i[HQ]  = 


[HQir'     .     kb   [Co];   [ROOH]^  tt 
yx  +  1  .1^  . 


dt 

0 

(82) 


(83) 


or 


t    =   L-112  _   (84) 

(yx  +  l)k^  [Co]^  [ROOH]^ 


Setting  yx  +  1  eqoal  to  z  gives 


M;  [ROOH]^ 


(85) 
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